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Editorial on the Research Topic

Alternative and novel livestock feed: reducing environmental impact

Introduction

The Food and Agriculture Organization (FAO) has stated that livestock production

systems are responsible for 14.5% of anthropogenic greenhouse gas (GHG) emissions,

which mainly result from enteric fermentation. Depending on the production system

used, feed accounts for 55%−75% of the climate change impact (1). Cultivation and

processing, transport and land-use change are the main global sources of GHG emissions

from animal feed production. In addition, enteric methane emissions from ruminants and

monogastric animals contribute significantly to the environmental footprint of agriculture

(2). Methane and ammonia emissions also represent a significant loss of feed energy. The

use of alternative feeds and additives could improve total digestibility and have significantly

greater potential to improve animal performance and reduce emissions. However, the

feasibility of using alternative feeds depends on the nutritional value of novel ingredients,

animal production responses and feed costs compared to the conventional feeds.

In this Research Topic, 17 research article and 1 review were collected on the use of

alternative feeds in animal nutrition.

Alternative feed in ruminants and pigs

In ruminant and monogastric animals, the main aim of testing alternative feeds

is to reduce the environmental impact of livestock animals and to reduce the feed

costs of conventional feeds in order to improve animal performance. In the editorial,

several authors approach the use of different alternative feeds by in vitro e and in vivo

experiments. Li et al. investigated the effects of rice straw different particle sizes on
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the rumen protozoan count, nutrient disappearance rate, rumen

fermentation, and microbial community in a rumen simulation

(RUSITEC) system. The present results suggest that, compared to

the other groups, rice straw with particle size of 4mmmay improve

the disappearance rate of nutrients and promote the production of

volatile fatty acids by regulating rumen microorganisms. Battelli,

Colombini et al. tested bioactive compounds in two different

in vitro studies. In the first study, the authors evaluated two

additives, one with condensed tannins (CTs) from quebracho

and one with hydrolysable tannins (HTs) from chestnut, at four

inclusion levels (2%, 4%, 6%, and 8% on an as-fed basis) were

added to the fermentation substrate and tested against a negative

control. Both types of tannins significantly reduced the total

gas (GP) and CH4 (ml/g DM) production during the 48 h of

incubation. However, the lower levels of GP and CH4 production

were associated with the reduction in dry matter digestibility

caused by CTs and HTs. Conversely, no significant differences were

observed for the protozoan and archaeal populations, suggesting

a low direct effect of tannins on these rumen microorganisms

in vitro. In the second study, Battelli, Nielsen et al. investigated

the effects of catechin and quercetin (flavonoids), salicylic acid

(phenolic acid), and tannic acid (hydrolysable tannin). The

compounds were added to two different basal feed substrates

(maize and grass silage) at three inclusion doses of 1.5%, 3%, and

6% of the feeds DM. This study demonstrated a dose-dependent

ability of quercetin to reduce CH4 rumen emission, albeit the

extent of CH4 suppression depended on the basal feed. Bezerra

et al. studied the metabolism of crossbred Boer finishing goats

fed diets containing crude glycerine from biodiesel production.

Glycerine levels did not cause any adverse effects on the liver

tissue, serum, or urinary profiles. The use of crude glycerine with

a lower methanol content in goat diets is recommended. de Castro

et al. evaluated the effects of including oilseed cakes on intake and

digestibility, performance, carcass characteristics, andmeat sensory

properties in feedlot lambs. The inclusion of tucuma (Astrocaryum

aculeatum M.) cake did not affect digestibility, but reduces intake

and performance, and influence carcass characteristics and meat

texture. Diets containing cupuassu (Theobroma grandiflorum K.)

cake, or palmiste (Roystonea oleracea C.) cake reduced digestibility;

however, intake, performance and carcass characteristics were

similar to the control diet. Lata et al. structurally characterized

two novel proanthocyanidins from Anogeissus pendula leaves. The

novel proanthocyanidins have potential roles in improving feed

conversion ratios and in drug development. He et al. investigated

the effects of a mixed meal consisting of rapeseed meal, cottonseed

meal, and sunflower meal in replacing soybean meal on growth

performance, apparent nutrient digestibility, serum inflammatory

factors and immunoglobulins, serum biochemical parameters,

intestinal permeability, short-chain fatty acid content, and gut

microbiota of finishing pigs. This study showed that the use

of mixed meal as a substitute for soybean meal in the diet had

no significant negative effects on the growth performance,

nutrient apparent digestibility, serum immunoglobulins,

serum antioxidant capacity, intestinal permeability, short-

chain fatty acid content, and gut microbiota diversity in

finishing pigs.

Alternative feed in poultry

Regarding the use of alternative feeds in poultry nutrition, the

researchers evaluated the use of feed and probiotics to improve

animal health and performance of animals as an alternative to

antibiotics. Attia et al. investigated the use of Saccharomyces

cerevisiae and Lactobacillus acidophilus, with or without a prebiotic

(mannooligosaccharide, MOS), as alternatives to zinc bacitracin

(ZnB). The authors demonstrated that the addition of 2 g/kg

of S. cerevisiae to broiler diet can effectively replace ZnB and

improve production performance and economic return. Lefter

et al. assessed the nutritional quality of cowpea seed (Vigna

unguiculata L., cv. Doljana-CSD) and the impact of partially

replacing soybean meal with CSD, along with the supplementation

of microencapsulated Lactobacillus salivarius (LS), on the growth

performance, selected carcass traits, plasma biochemical profile,

tibia bone quality, and microbial populations in the ceca and fecal

excreta of broiler chickens. This study suggests that cowpea seeds

can be used as a partial replacement for soybean meal in broiler

diets, and microencapsulated Lactobacillus salivarius can be used

as a probiotic supplement. Huang et al. investigated the effects

of Pu-erh tea pomace (PTP), a solid substance after extraction

of functional substances, on the growth performance and gut

microbes of chickens. The PTP could reduce the blood cholesterol

levels by improving the composition of gut microbiota, providing

a reference for the application of PTP in the poultry industry. Luo

et al. tested Litsea cubeba (Lour.) Pers., a traditional Chinese herb

with antibiotic-like properties, in broilers. The authors found that

the extract had a positive effect on amino acid content and minor

unsaturated fatty acids, thus improving flavor and nutritional

value of the meat. These results suggest that L. cubeba extract, at

any dose, could serve as a sustainable alternative to antibiotics,

thus reducing the risk of drug resistance while improving meat

quality, nutrition, and flavor. Sindaye et al. conducted a study

to evaluate the effects of dietary lysozyme supplementation on

laying hens’ performance, egg quality, biochemical analysis, body

immunity, and intestinal morphology. Dietary supplementation

with lysozyme could improve intestinal morphology, immune

efficiency, and nutrient digestibility in laying hens. In addition,

a dietary supplement of 200 to 300 mg/kg lysozyme should be

suggested to farmers as an appropriate level of feed additive in

laying hen production. Spínola et al. emphasize the need for

further research on optimal inclusion levels, processing methods

and potential enzymatic enhancements of Spirulina in broiler diets.

Cornescu et al. suggested that zinc-enriched yeast and parsley

minimized the effects of heat stress on production performance

parameters with a demonstrated role of antioxidant capacity by

delaying the lipid peroxidation during different storage times.

Paredes-Lopez et al., observed thatM. citrifolia at 0.01% of the diet

improved the intestinal health and thus the performance indices of

the broiler chickens and did not have a detrimental effect on any of

the parameters evaluated, postulating it as a potential alternative in

poultry nutrition. According to Al-Harthi et al.,Moringa peregrina

seed meal (MPSM) can be included in the diet of broilers at a level

of 10% level without negative effects on performance, carcass traits,

meat quality, and blood lipids.
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Conclusion

In conclusion, the articles presented in this editorial

demonstrate that alternative feeds and additives could be a

useful tool to reduce the environmental impact of livestock

animals without adverse effects on animal performance and

products. Furthermore, alternative feed could improve animal

health. However, further studies are needed to find the right dose

to include these feeds in animal diets to avoid a reduction in

degradability and adverse effects on animal performance compared

to conventional feeds.
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of quebracho and chestnut 
tannins on rumen methane 
production, fermentation 
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Marco Battelli 1, Stefania Colombini 1, Pietro Parma 1, 
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Both condensed and hydrolysable tannins (CTs and HTs, respectively) have the 
ability to reduce enteric CH4 production in ruminants. However, the precise 
mechanism of action is not fully understood. Among the proposed hypotheses are 
the reduction of ruminal digestibility, direct control action on protozoa, reduction 
of archaea, and a hydrogen sink mechanism. In this in vitro study, which simulated 
rumen fermentation, two additives, one containing CTs (70% based on DM) from 
quebracho and one with HTs (75% based on DM) from chestnut, at four levels of 
inclusion (2, 4, 6, 8% on an as-fed basis) were added to the fermentation substrate 
and tested against a negative control. Both types of tannins significantly reduced 
total gas (GP) and CH4 (ml/g DM) production during the 48 h of incubation. The 
lower GP and CH4 production levels were linked to the reduction in dry matter 
digestibility caused by CTs and HTs. Conversely, no significant differences were 
observed for the protozoan and archaeal populations, suggesting a low direct 
effect of tannins on these rumen microorganisms in vitro. However, both types 
of tannins had negative correlations for the families Bacteroidales_BS11 and F082 
and positive correlations for the genera Prevotella and Succinivibrio. Regarding 
the fermentation parameters, no differences were observed for pH and total 
volatile fatty acid production, while both CTs and HTs linearly reduced the NH3 
content. CTs from quebracho were more effective in reducing CH4 production 
than HTs from chestnut. However, for both types of tannins, the reduction in CH4 
production was always associated with a lower digestibility without any changes 
in archaea or protozoa. Due to the high variability of tannins, further studies 
investigating the chemical structure of the compounds and their mechanisms of 
action are needed to understand the different results reported in the literature.
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1. Introduction

The livestock sector contributes to approximately 14.5% of 
anthropogenic greenhouse gas (GHG) emissions, and one of the most 
important GHGs is methane (CH4) (1). Ruminants contribute 
significantly to CH4 emissions due to enteric fermentation, accounting 
for 17% of global CH4 emissions (2). Moreover, ruminants release 
nitrogen into the environment in the form of ammonia (NH3) and 
nitrous oxide (N2O), another powerful GHG. Both CH4 and nitrogen 
emissions are not only related to environmental problems but are also 
associated with energy and organic matter losses that hamper the 
efficiency and productivity of farms (3).

Among the different strategies to reduce the environmental 
impact of ruminants, tannins have been evaluated for their potential 
in reducing enteric methanogenesis (4). Tannins are polyphenolic 
substances with great chemical variability, and in terrestrial plants, 
they are classified into two groups: condensed tannins (CTs) and 
hydrolysable tannins (HTs). Condensed tannins are polymers of 
flavonoids with high molecular weights, while HTs are polyesters of 
gallic acid and various individual sugars and are characterized by 
lower molecular weights than CT (5). Condensed tannins are mostly 
found in the vacuole and in the epidermal or subepidermal layers of 
leaves and fruit, while HTs accumulate in the cell wall. However, 
tannins are also frequently found in other plant tissues, such as bark, 
wood, roots, seeds and fruits. Furthermore, tannin concentrations 
vary according to the plant species and genotype, tissue developmental 
stage, and environmental conditions (6).

As reported by Mueller-Harvey et al. (7), despite the widespread 
occurrence of tannins (both CTs and HTs) in the plant kingdom, there 
are still large gaps in our knowledge regarding their role in plants and 
their impact on animals. In the diets of ruminants, it is possible to 
include tannins due to the use of naturally tannin-rich forages, such 
as some legumes, including sulla (Hedysarum coronarium), birdsfoot 
trefoil (Lotus corniculatus) and sainfoin (Onobrychis viciifolia), or due 
to the addition of purified tannin extract. Some of the most popular 
purified tannin extracts come from mimosa (Mimosa tenuiflora) and 
quebracho (Schinopsis balansae) for CTs, while a common HTs source 
is chestnut (Castanea sp.) (8).

Depending mostly on their concentrations in the diet but also on 
animal species and other factors (such as the chemical structure of the 
tannins, dietary composition and interaction with other compounds, 
adaptation of the ruminant to the presence of tannins, etc.), tannins 
could have both adverse and positive effects on ruminants (9).

One of the positive effects of tannins is the reduction of CH4 
emitted from ruminal fermentation (3, 10, 11). This effect has been 
observed in several in vitro and in vivo trials, but there are some 
aspects that need to be explored, such as the effect of different dietary 
concentrations and the effect of different sources and types of tannins. 
In this regard, Jayanegara et al. (8) found a greater and more constant 
effect of HTs in comparison with CTs in reducing CH4 emissions with 
less adverse effects on digestibility. As highlighted by several authors 
(4, 5, 12, 13), it is necessary to investigate whether the reduction in 
CH4 emissions is linked to a reduction in the digestibility of organic 
matter, particularly fiber. Moreover, tannins can exert a control action 
on both archaea and protozoa, which are related to methane 
production in the rumen (14–18).

Due to their high affinity for proteins and the formation of tannin-
protein complexes, tannins can also cause a reduction in protein 

degradability in the rumen (19). The consumption of CTs and HTs by 
ruminants can reduce the production of ruminal ammonia, lowering 
urinary nitrogen excretion and increasing faecal nitrogen excretion 
(7, 20, 21). This shift can improve the soil nitrogen status and reduce 
N2O emissions and nitrogen leachate into groundwater.

The negative effects include reduced palatability of the diet 
associated with the reduction of dry matter intake but also the 
reduction of feed digestibility. Additionally, when tannins are fed in 
high concentrations, they can be toxic to the animal (22).

A common generalization is that with tannin concentrations 
lower than 5% of the feed dry matter, there are mainly positive effects 
on ruminants, while with higher concentrations, negative effects 
prevail. However, it is important to consider the type of tannin, the 
plant from which it derives, as well as the type of diet and the species 
of ruminant (e.g., goats are more adapted to tannins compared to 
cows) (23). Furthermore, high concentrations of tannins in the diet 
would be  difficult to apply commercially due to the high cost of 
tannin extracts.

The study aims to determine the effects of the dietary inclusion 
level of purified CTs and HTs on total gas and CH4 production, 
ruminal fermentation parameters and rumen microbial population by 
an in vitro method. The use of several regular dose levels for both 
types of tannins in this paper aims to allow a regression study that 
could help predict the effects of tannins at any low practical 
dietary dosage.

2. Materials and methods

2.1. Experimental design: samples and 
tannins tested

In this study, we  evaluated the effects of the inclusion of 
commercial purified extracts of CTs (Silvafeed® Q powder, Silvateam, 
Mondovì, Italy; minimum tannin content of 70% based on DM, ISO 
14088) from quebracho (Schinopsis lorentzii Engl.) and HTs 
(Silvafeed® ENC powder, Silvateam, Mondovì, Italy; minimum tannin 
content of 75% based on DM, ISO 14088) from chestnut (Castanea 
sativa Mill.) in vitro. Both types of tannin extracts were added to the 
fermentation substrate at different levels of inclusion: 2, 4, 6, and 8% 
on an as-fed basis. The fermentation substrate was composed (g/kg) 
of second-cut meadow hay (447), pelleted alfalfa hay (147), pea 
protein seeds (147), commercial concentrate mix (17% CP on DM, 
220), and a vitamin–mineral mix (9) and contained 159, 391, 17.4 and 
76.9 g/kg DM of CP, aNDFom, EE, and ash, respectively.

All treatments were tested versus a negative control (substrate 
without CT or HT addition). All treatments were tested in triplicate 
in two incubation runs.

2.2. In vitro gas production technique

Animal procedures were conducted under the approval of the 
University of Milan Ethics Committee for animal use and care and 
with the authorization of the Italian Ministry of Health, authorization 
no. 904/2016-PR.

Ruminal fluid was collected from two fistulated dry Italian 
Friesian dairy cows fed a diet composed of 66% hay and 34% 
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concentrate. Depending on the treatments, 300 mg of fermentation 
substrate and the relative quantity of tannin inclusion (0–2–4–6–8%) 
were weighed into 120 ml serum bottles.

The fermentation medium was prepared according to Menke 
and Steingass (24) following the procedures previously described 
by Pirondini et  al. (25). After the addition of 40 ml of the 
fermentation medium, the headspace of the incubation was flushed 
with N2, and then the incubation vials were hermetically closed with 
rubber tops and placed in a shaking water bath (80 RPM) at 39.5°C 
for 48 h.

Gas production (GP) was determined by measuring the headspace 
pressure in the incubation vials (26). The pressure was recorded after 
24 and 48 h of incubation using a digital manometer (model 840,082, 
Sper Scientific, Scottsdale, AZ, United States). After the headspace 
pressure was measured, at each reading time, 5 ml of gas was collected 
from each vial using a gastight syringe and stored in airtight vials for 
subsequent methane analysis. At the 24-h incubation interval, after 
gas collection, the pressure inside each vial was brought back to the 
atmospheric value using needles to avoid high headspace pressures 
that could compromise normal microbial activity (26).

2.3. Gas production calculation and 
methane measurement

The gas pressure data recorded at 24 and 48 h were converted into 
ml of gas produced using the ideal gas law. The values of each 
treatment were subsequently corrected for their respective blanks.

The methane concentration at 24 and 48 h of incubation was 
determined by injecting 250 μl of gas into a Varian CP-3800 gas 
chromatograph (Varian Chromatography Systems, Walnut Creek, CA, 
United  States) equipped with a Supelco (2.3 m length x 2.1 mm 
internal diameter) stainless steel column packed with 60/80 mesh 
Carboxen™-1,000 stationary phase (Supelco, Bellefonte, PA, 
United States), using He as the carrier. The CH4 volume (ml) produced 
during the first (0–24 h) and second (24–48 h) phases of fermentation 
and the final cumulative volume were calculated as reported by 
Tavendale and colleagues (16).

2.4. Ruminal fermentation parameters, 
protozoal count, and microbiota analysis

At the end of the incubation, all vials were put into an ice bath to 
stop the fermentation, and the pH was recorded. Two of the three 
replicates per treatment were intended for the determination of VFA 
production, NH3 concentration and dry matter digestibility (DMD), 
while the remaining replicate was intended for the count of protozoa 
and the study of the microbiota.

Two of the three replicates per treatment were individually 
transferred into 50 ml Falcon tubes and centrifuged at 10,000 × g for 
15 min at 4°C. After this first centrifugation, 5 and 30 ml of supernatant 
were sampled for subsequent VFA and NH3 analyses, respectively. The 
incubation vials were carefully washed with distilled water to remove 
all substrate residuals, and the contents were transferred into the 
respective Falcon tubes for a second centrifugation at 10,000 × g for 
5 min at 4°C. After the second centrifugation, the supernatants were 
discharged, and the Falcon tubes with the precipitated residue were 

placed in an oven at 60°C until constant weight for the determination 
of the undigested DM.

For VFA determination, 1 ml of 25% meta-phosphoric acid was 
added to 5 ml of supernatant as described by Colombini et al. (27). 
After 30 min, the mixture was centrifuged again at 3,500 × g for 10 min. 
VFA analysis was performed by injecting 2 μl of the supernatant into 
a Varian CP-3800 gas chromatograph (Varian Chromatography 
Systems, Walnut Creek, CA, United States) using a Nukol fused silica 
capillary column (30 m length; 0.25 mm diameter; 0.25 μm film 
thickness; Supelco) as reported by Pirondini et al. (28).

The NH3 concentration was determined with the Kjeldahl 
method, with only the distillation and titration, using a Raypa 
NP-1500-MP Kjeldahl distiller (Raypa, Terrassa, Spain).

At the end of the incubation, the third replicate was used for the 
protozoal count and the microbiota analysis. Each vial was shaken to 
obtain a homogeneous solution, and then, for the protozoal count, 
5 ml of fermentation medium was sampled, added to 5 ml of formalin 
and stored at room temperature, while for the microbiota analysis, 
10 ml of fermentation medium was sampled and stored at −80°C 
pending extraction.

The protozoal count was performed as described by Dehority (29).
The DNA from the rumen fluid was extracted using the 

NucleoSpin Soil kit (Macherey-Nagel, Germany) following the 
procedures and using the reagents suggested by the kit manufacturer. 
Amplification of the V4 region of the 16S gene was conducted 
as  described by Parada et  al. (30). DNA was diluted at 10 ng/μl. 
For  amplification, the following primers were used: 515F-Y: 
5′-GTGYCAGCMGCCGCGGTAA and 926R: 5′-CCGYCAATT 
YMTTTRAGTTT. The amplifications were performed using 5 μl of 
the extracted DNA in a final reaction volume of 25 μl using Platinum 
Taq DNA polymerase high fidelity (Thermo-Fisher, MA, 
United  States) following the manufacturer’s instructions. The 
amplifications were performed for 27 cycles using 55°C as the 
annealing temperature. The libraries were purified with Beads 
Amplure XP 0.8X and amplified with Indexes Nextera XT Illumina; 
they were normalized, mixed, and loaded on the MiSeq platform 
using the 2 × 300 bp (paired-end) approach to generate a minimum of 
50,000 sequences (±20%). The raw sequences R1 and R2 (raw reads) 
were verified and filtered by quality, trimmed by the primers, and 
fused by QIIME2 v8 software. DADA2 (Qiime2) software isolated the 
amplicon sequence variants (formerly operational taxonomic units), 
whose sequences were compared against the SILVA Database SSU 
r123 to obtain the taxonomic assignment.

2.5. Statistical analysis

The data were statistically analyzed by the MIXED procedure of 
SAS 9.4 (SAS Institute Inc., Cary, NC, United States), with the run as 
a random effect, using the following factorial model:

 
Y T L T L Rijk i j k ijk= + + + × + +µ ε

where Yijk is the dependent variable, μ is the overall mean, Ti is the 
tannin type effect (i = CTs from quebracho or HTs from chestnut), Lj 
is the level effect (j = 0, 2, 4, 6, 8%), T×L is the interaction between the 
fixed effects, Rk is the random effect of the run (k = 1, 2), and eijk is the 
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residual error. Least squares mean estimates are reported. Differences 
between least square means were evaluated using Tukey’s method for 
comparison when the p value of the interaction T×L was <0.10.

The linear effect was tested separately for each type of tannin using 
the MIXED procedure of SAS 9.4 as described by St-Pierre (31), 
applying the following model:

 
Y a bL Rij i j ij= + + + ε

where a represents the overall intercept, b is the overall regression 
coefficient, Li is the level of tannin inclusion (i = 0, 2, 4, 6, 8), Rj is the 
random effect of the run (j = 1,2), and eij is the residual error. The 
coefficient of determination (R2) and root mean square error (RMSE) 
were derived from single factor regression analysis between the 
adjusted values derived from the mixed model and the measured 
values (31, 32).

The quadratic and cubic effects of tannin inclusion were also 
tested separately for each type of tannin; however, these effects, which 
were not always significant, are not reported in the tables.

3. Results

3.1. Gas and methane production

The values of total gas and CH4 produced and the DMD are 
reported in Table 1, while in Tables 2, 3, the relationship between the 
level of tannin inclusion and the total gas and CH4 productions and 
DMD are reported for each type of tannin, CTs and HTs.

The GP from 0 to 24 h of incubation was significantly reduced by 
the level of inclusion of the tannins (p < 0.001), showing a linear 
reduction of the GP (Tables 2, 3) as the level of inclusion for both types 
of tannins increased.

During the time interval between 24 and 48 h of incubation, CTs 
continued to reduce the GP, while HTs had the opposite trend, 
numerically increasing the GP compared to the control, as shown by 
the different signs of the slope values in Tables 2, 3 (−0.590 and 0.213 
for CTs and HTs, respectively; p = 0.003 and p = 0.042 for CTs and HTs, 
respectively).

Considering the total GP during the 48 h of incubation and 
comparing the two treatments at the different levels of inclusion, CTs 
had a greater effect in reducing GP than HTs (p = 0.066). This was 
confirmed by the slope values of the two equations of prediction 
(−2.52 and − 1.37 for CTs and HTs, respectively, for both types of 
tannins p < 0.001, Table 2).

The CH4 production (ml/g DM) at 0–24 and 0–48 h of incubation 
was reduced as the level of inclusion increased for both types of 
tannins (p < 0.001). However, during the second day of incubation 
(24–48 h), only CTs linearly reduced CH4 production (slope value of 
−0.131, p = 0.035, Table 2).

The percentage of CH4 in total GP was significantly lowered by the 
level of inclusion of both types of tannins at both 0–24 h (p = 0.010) 
and 0–48 h of incubation (p = 0.021; Table 1). The methanogenesis 
reduction effect was more pronounced with CTs than with HTs, as can 
be observed by the slope values of the two tannins for the percentage 
of CH4 against total GP (0–48 h; −0.274 for CTs, p = 0.004 and − 0.168 
for HTs, p = 0.030).

The DMD was significantly reduced as the level of tannin 
inclusion increased for both CTs and HTs (p < 0.001). From the two 
regression equations (Tables 2, 3), it is possible to calculate that the 
addition of one percentage point of tannins caused a DMD reduction 
of 0.498% (for CTs) and 0.762% (for HTs).

3.2. Ruminal fermentation parameters

The ruminal fermentation parameters are reported in Table 4, 
while in Tables 5, 6, the relationships (expressed as a linear regression) 
between the level of tannin inclusion and the fermentation parameters 
are reported for each type of tannin, CTs and HTs.

Regarding the pH, a significant effect of the treatment (6.86 vs. 
6.84 for CTs and HTs, respectively; p < 0.001) was recorded; however, 
the difference was very little.

The NH3 concentration was significantly reduced (p = 0.002) with 
increasing tannin level for both types of tannins, as also shown by the 
slope coefficients (−0.697 and −0.778 for CTs and HTs, p < 0.001 for 
both types of tannins).

When all treatments were studied together, no differences were 
recorded for the total VFA production between the type of tannin and 
the level of inclusion. However, considering CTs and HTs separately, 
a linear reduction of the total VFA production for both types of 
tannins was observed (b coefficient − 0.946, p = 0.003, R2 = 0.958; for 
CTs; b coefficient − 1.45, p = 0.009, R2 = 0.987 for HTs).

No differences among treatments were observed for the contents 
of acetate, propionate, and butyrate expressed as a percentage of total 
VFA. However, isovalerate was significantly affected by the type of 
tannin (2.73 vs. 2.43 for CTs and HTs, p = 0.032), and a treatment 
trend was found for isobutyrate and valerate: HTs, unlike CTs, linearly 
reduced isobutyrate, isovalerate, n-valerate, and valerate as the level of 
inclusion increased, as can be observed from the slope coefficients in 
Tables 5, 6.

3.3. Protozoal count and microbiota 
analysis

In Table 7, the number of total protozoa and the percentages of 
Entodinium and Holotricha are reported. No level of inclusion, for 
both CTs and HTs, significantly influenced the number of protozoa 
compared to the control; however, CTs significantly increased the 
number of total protozoa compared to HTs (383 vs. 331 × 103 cell/ml, 
p = 0.034, for CTs and HTs, respectively). The inclusion of tannins did 
not affect the percentage composition of protozoa.

After sequencing, 130,841 ± 24,058 reads were obtained per 
sample, with a minimum of 101,733 reads and a maximum of 183,156. 
These values ensure that the results show complete representativeness 
of the microbiome. The mean number of OTUs detected (standardized 
value at 130,000 reads) was 8,800 ± 1,100 with a minimum of 7,500 
and a maximum of 11,990. Shannon’s diversity index, whose value in 
the various experiments was between 8.26 and 9.48, was not 
significantly affected by the tannins.

Globally, bacterial species belonging to 19 phyla have been 
identified (Supplementary Table 1). However, only 4 of these phyla 
(Bacteroidota, Firmicutes, Verrucomicrobiota, and Proteobacteria) 
were present in a percentage greater than 1% in at least all 
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concentrations tested in a single treatment (CTs or HTs); finally, these 
4 phyla always covered at least 94.1% of the bacterial population 
(Figure 1).

Archaea were present in the different samples to varying degrees 
between 0.21 and 1.21% of the total microbiota (data not shown); 
however, their presence was not affected by the treatments. Analysis 
of similarities (ANOSIM) detected no significant differences in 
bacterial diversity between treatments.

The analysis of the relationship between the level of tannins and the 
abundance of the phyla highlighted a positive relationship for 
Proteobacteria (R2 = 0.959 and R2 = 0.672 for CTs and HTs, respectively; 
Figure 2).

The analysis of the microbiota at the class level showed the 
identification of bacteria belonging to 123 different classes. 
However, only 16 of these were present in a percentage higher than 
0.5% in all treatments (Table 1). These bacterial classes covered a 

TABLE 1 Gas production, methane production and diet digestibility.

Condensed tannin (CT) extract Hydrolysable tannin (HT) extract SE p value

% Tannin extract 0 2 4 6 8 0 2 4 6 8 T1 L2 T×L3

GP4 0–24 h (ml/g DM5) 161 158 153 148 147 161 156 154 153 147 1.49 0.454 <0.001 0.257

GP 24–48 h (ml/g DM) 48.1abc 46.8abcd 45.6bcd 43.0d 44.1cd 48.1abc 49.6ab 50.2a 49.9a 50.1a 0.726 <0.001 0.165 0.007

GP 0–48 h (ml/g DM) 209a 205ab 199abc 191c 191c 209a 206ab 205ab 203ab 197bc 1.90 0.003 <0.001 0.066

CH4 0–24 h (ml/g DM) 46.4 44.7 42.2 39.9 38.4 46.4 43.4 43.0 41.2 40.0 0.887 0.428 <0.001 0.519

CH4 24–48 h (ml/g DM) 6.85 7.11 6.53 6.59 5.81 6.85 7.89 8.17 8.38 7.15 0.504 0.007 0.254 0.432

CH4 0–48 h (ml/g DM) 53.2 51.8 48.8 46.5 44.2 53.2 51.3 51.1 49.6 47.2 1.16 0.061 <0.001 0.417

CH4 0–24 h (% GP) 28.8 28.3 27.6 27.0 26.2 28.8 27.9 27.9 27.0 27.3 0.459 0.531 0.010 0.573

CH4 24–48 h (% GP) 14.2 15.2 14.3 15.3 13.1 14.2 16.0 16.3 16.8 14.3 0.958 0.110 0.168 0.873

CH4 0–48 h (% GP) 25.4 25.3 24.5 24.4 23.2 25.4 25.0 25.0 24.5 24.0 0.454 0.464 0.021 0.752

DMD6 (%) 71.3a 70.3ab 68.5bc 68.2bc 67.4cd 71.3a 71.0a 69.7abc 68.1bc 65.1d 0.420 0.800 <0.001 0.022

GP 0–48 h (ml/g dDM7) 294 292 290 285 284 294 289 293 298 303 4.62 0.052 0.955 0.194

CH4 0–48 h (ml/g dDM) 277 275 263 253 244 277 267 270 268 267 7.22 0.129 0.093 0.300

a,b,c,dDifferent letters on the same row correspond to different least squares means after Tukey’s adjustment (p < 0.05).
1T: p value of the type of tannin effect, CT vs. HT.
2L: p value of the level of inclusion effect.
3T×L: p value of the interaction of the fixed effects.
4GP: gas production.
5DM: dry matter.
6DMD: dry matter digestibility.
7dDM: digested dry matter.

TABLE 2 Prediction equations of the gas production based on the inclusion level of the condensed tannin.*

a SE p value b SE p value RMSE R2

GP1 0–24 h (ml/g DM2) 161 5.41 0.021 −1.93 0.233 <0.001 0.987 0.968

GP 24–48 h (ml/g DM) 47.9 1.19 0.016 −0.590 0.128 0.003 0.741 0.835

GP 0–48 h (ml/g DM) 209 6.55 0.020 −2.52 0.349 <0.001 1.675 0.947

CH4 0–24 h (ml/g DM) 46.5 0.693 0.010 −1.04 0.142 <0.001 0.239 0.994

CH4 24–48 h (ml/g DM) 7.10 0.265 0.024 −0.131 0.050 0.035 0.234 0.712

CH4 0–48 h (ml/g DM) 53.6 0.867 0.010 −1.17 0.169 <0.001 0.308 0.991

CH4 0–24 h (% GP) 28.9 0.787 0.017 −0.326 0.067 0.002 0.068 0.995

CH4 24–48 h (% GP) 14.9 0.532 0.023 −0.103 0.109 0.379 0.742 0.138

CH4 0–48 h (% GP) 25.7 0.599 0.015 −0.274 0.065 0.004 0.256 0.897

DMD3 (%) 71.1 0.368 0.003 −0.498 0.058 <0.001 4.875 0.949

GP 0–48 h (ml/g dDM4) 294 9.77 0.021 −1.32 0.594 0.061 0.819 0.959

CH4 0–48 h (ml/g dDM) 280 5.24 0.012 −4.43 1.07 0.004 2.235 0.969

In the model (Y = a + bX), a and b represent the intercept and the regression variable coefficient, respectively.
*Predictions of gas production, methane production and diet digestibility based on the level of the condensed tannin extract inclusion as an independent regression variable (X) according to a 
linear mixed effect regression model with the run as a random effect.
1GP: gas production.
2DM: dry matter.
3DMD: dry matter digestibility.
4dDM: digested dry matter.
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variable percentage between 73.2 and 85% of the entire 
microbial population.

Regarding the correlation between the treatments and the 
percentage presence of the different microorganisms, some of 
them showed a close correlation between treatment and the 
percentage presence, and it is possible to highlight negative 
correlations for the families Bacteroidales_BS11 and F082 
(Figures 3A,B) and positive correlations for the genera Prevotella 

and Succinivibrio (Figures 3C,D) valid for both types of tannins 
(CTs or HTs).

4. Discussion

In this in vitro experiment, which simulated ruminal 
fermentation, we tested both CTs and HTs purified extracts from 

TABLE 3 Prediction equations of the gas production based on the inclusion level of the hydrolysable tannin.*

a SE p value b SE p value RMSE R2

GP1 0–24 h (ml/g DM2) 161 6.28 0.025 −1.58 0.232 <0.001 1.16 0.935

GP 24–48 h (ml/g DM) 48.7 1.96 0.026 0.213 0.086 0.042 0.469 0.627

GP 0–48 h (ml/g DM) 209 8.18 0.025 −1.37 0.213 <0.001 1.211 0.911

CH4 0–24 h (ml/g DM) 45.8 0.911 0.013 −0.750 0.092 <0.001 0.502 0.947

CH4 24–48 h (ml/g DM) 7.47 0.512 0.044 0.055 0.105 0.617 0.570 0.068

CH4 0–48 h (ml/g DM) 53.3 1.08 0.013 −0.695 0.142 0.002 0.495 0.939

CH4 0–24 h (% GP) 28.5 0.630 0.014 −0.193 0.059 0.013 0.279 0.797

CH4 24–48 h (% GP) 15.3 0.989 0.041 0.056 0.202 0.790 1.059 0.018

CH4 0–48 h (% GP) 25.5 0.600 0.015 −0.168 0.062 0.030 0.151 0.905

DMD3 (%) 72.1 0.536 0.005 −0.762 0.109 <0.001 0.691 0.908

GP 0–48 h (ml/g dDM4) 290 13.2 0.029 1.32 0.595 0.062 2.841 0.644

CH4 0–48 h (ml/g dDM) 274 5.65 0.013 −0.952 0.791 0.268 2.635 0.510

In the model (Y = a + bX), a and b represent the intercept and the regression variable coefficient, respectively.
*Predictions of gas production, methane production and diet digestibility based on the level of hydrolysable tannin extract inclusion as an independent regression variable (X) according to a 
linear mixed effect regression model with the run as a random effect.
1GP: gas production.
2DM: dry matter.
3DMD: dry matter digestibility.
4dDM: digested dry matter.

TABLE 4 Ruminal fermentation parameters.

Condensed tannin (CT) extract Hydrolysable tannin (HT) extract SE p value

% Tannin 
extract

0 2 4 6 8 0 2 4 6 8 T1 L2 T×L3

pH 6.85 6.85 6.86 6.86 6.86 6.85 6.84 6.84 6.84 6.83 0.006 <0.001 0.496 0.187

NH3 (mg/dl) 34.2 31.5 30.4 29.3 28.4 34.2 32.8 31.0 29.6 28.1 1.03 0.568 0.002 0.942

Total VFA4 (mmol/L) 81.3 78.4 76.0 75.5 73.2 81.3 78.6 76.2 73.5 69.3 3.64 0.638 0.152 0.969

VFA, mol/100 mol 

VFA

Acetate 62.4 61.3 61.5 62.4 62.7 62.4 61.4 62.3 62.7 63.8 0.728 0.364 0.191 0.935

Propionate 17.7 18.2 18.9 18.1 18.6 17.7 18.5 17.6 17.8 17.8 0.532 0.237 0.761 0.617

Isobutyrate 1.44 1.49 1.54 1.32 1.39 1.44 1.39 1.38 1.33 1.26 0.057 0.068 0.095 0.489

n-butyrate 13.9 14.4 13.5 13.8 12.9 13.9 14.2 14.4 14.2 13.5 0.448 0.279 0.202 0.738

Butyrate 15.4 15.9 15.1 15.2 14.3 15.4 15.6 15.8 15.5 14.7 0.435 0.385 0.130 0.768

Isovalerate 2.75 2.81 2.57 2.69 2.83 2.75 2.50 2.53 2.36 2.14 0.171 0.032 0.567 0.334

n-valerate 1.79 1.76 1.89 1.58 1.65 1.79 1.97 1.74 1.65 1.56 0.130 0.920 0.236 0.672

Valerate 4.54 4.57 4.46 4.27 4.49 4.54 4.48 4.27 4.01 3.70 0.220 0.089 0.214 0.470

Acetate:propionate 3.53 3.37 3.25 3.44 3.39 3.53 3.33 3.53 3.52 3.59 0.127 0.220 0.613 0.706

a,bDifferent letters on the same row correspond to different least squares means (p < 0.05).
1T: p value of the type of tannin effect, CT vs. HT.
2L: p value of the level of inclusion effect.
3T×L: p value of the interaction of the fixed effects.
4VFA: volatile fatty acids.
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quebracho and chestnut, respectively, at different levels of 
inclusion. Both types of tannins reduced the GP expressed as ml/g 
DM (0–48 h). The percentage reduction induced by both types of 
tannins at the different levels of inclusion was between 1.91 and 
8.61% for CTs and between 1.44 and 5.74% for HTs. The reduction 
percentages of GP obtained in this study are similar to those 
observed by Jayanegara et  al. (8) with tannins extracted from 
chestnut and quebracho at concentrations of 3.95, 5.92, and 7.89%, 
except for CTs at 8% for which level of inclusion we obtained an 
8.61% reduction of GP while Jayanegara et al. (8) obtained a 13.4% 
reduction. Condensed tannins at 6% inclusion tended to reduce 
the GP by approximately 8.61% compared to the control, while HTs 

did not differentiate significantly from the control after 
Tukey’s adjustment.

Both types of tannins significantly reduced CH4 production at 
24 h. Interestingly, during the second day of incubation (24–48 h), CTs 
continued to reduce CH4 production differently than HTs, with the 
result that CTs were more effective in reducing CH4 production than 
HTs during the 48 h of incubation. This can be due to the greater 
ruminal degradability of HTs compared to CTs (8), which leads to a 
reduction in the effect of HTs with the time of incubation. As reported 
by McSweeney et  al. (19), HTs are more susceptible to microbial 
hydrolysis than condensed tannins, which agrees with the results of 
the present study. Overall, considering the regression equation for CTs 

TABLE 5 Prediction equations of the fermentation parameters based on the inclusion level of the condensed tannin.*

a SE p value b SE p value RMSE R2

pH 6.85 0.006 <0.001 0.001 0.001 0.222 0.003 0.750

NH3 (mg/dl) 33.5 0.576 0.011 −0.697 0.118 <0.001 0.484 0.942

Total VFA1 (mmol/L) 80.7 4.32 0.034 −0.946 0.213 0.003 0.564 0.958

VFA, mol/100 mol VFA

Acetate 61.7 0.632 0.007 0.090 0.098 0.388 0.499 0.189

Propionate 18.0 0.496 0.018 0.078 0.073 0.319 0.338 0.336

Isobutyrate 1.49 0.097 0.041 −0.013 0.013 0.334 0.066 0.249

n-butyrate 14.3 0.450 0.020 −0.135 0.085 0.155 0.336 0.554

Butyrate 15.8 0.499 0.020 −0.149 0.081 0.110 0.319 0.624

Isovalerate 2.72 0.405 0.094 0.003 0.028 0.926 0.094 0.004

n-valerate 1.83 0.153 0.053 −0.023 0.021 0.315 0.087 0.359

Valerate 4.54 0.533 0.074 −0.020 0.033 0.562 0.089 0.289

Acetate:propionate 3.44 0.081 0.015 −0.010 0.016 0.567 0.087 0.105

In the model (Y = a + bX), a and b represent the intercept and the regression variable coefficient, respectively.
*Predictions of fermentation parameters based on the level of condensed tannin extract inclusion as an independent regression variable (X) according to a linear mixed effect regression model 
with the run as a random effect.
1VFA: volatile fatty acids.

TABLE 6 Prediction equations of the fermentation parameters based on the inclusion level of the hydrolysable tannin.*

a SE p value b SE p value RMSE R2

pH 6.85 0.011 0.001 −0.002 0.0011 0.0561 0.003 0.800

NH3 (mg/dl) 34.3 0.687 0.013 −0.778 0.140 <0.001 0.088 0.998

Total VFA1 (mmol/L) 81.6 9.42 0.073 −1.45 0.405 0.009 0.471 0.987

VFA, mol/100 mol VFA

Acetate 61.7 0.915 0.009 0.202 0.126 0.151 0.511 0.563

Propionate 18.0 0.327 0.012 −0.030 0.0668 0.672 0.311 0.049

Isobutyrate 1.44 0.116 0.051 −0.021 0.004 0.001 0.082 0.948

n-butyrate 14.2 0.280 0.013 −0.046 0.055 0.438 0.486 0.130

Butyrate 15.7 0.368 0.015 −0.066 0.057 0.289 0.309 0.321

Isovalerate 2.729 0.211 0.049 −0.068 0.009 <0.001 0.347 0.911

n-valerate 1.90 0.144 0.048 −0.039 0.019 0.076 0.095 0.635

Valerate 4.63 0.339 0.047 −0.107 0.019 <0.001 0.067 0.953

Acetate:propionate 3.44 0.102 0.019 0.016 0.019 0.434 0.145 0.245

In the model (Y = a + bX), a and b represent the intercept and the regression variable coefficient, respectively.
*Predictions of fermentation parameters based on the level of hydrolysable tannin extract inclusion as an independent regression variable (X) according to a linear mixed effect regression 
model with the run as a random effect.
1VFA: volatile fatty acids.
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(Table 3) and HTs (Table 4), the reduction in CH4 production (ml/g 
DM) during the 48 h of incubation was 17.5 and 10.4%, respectively, 
when tannins were added at 8% compared to the 0 level of inclusion. 
The same higher effect of CTs compared to HTs on CH4 production in 
vitro was observed by Bhatta et  al. (17) but not by Hassanat and 
Benchaar (33), who achieved similar reductions in CH4 production 
when CTs from quebracho and HTs from chestnut were included at 
concentrations higher than 10% of the diet.

The reduction of rumen methanogenesis due to the presence of 
tannins can be caused by the following four mechanisms of action: direct 
effect on rumen methanogens, direct control of the protozoan population, 
reduction of diet digestibility, especially fiber degradability, and the sink 
action of hydrogen (18, 23, 34, 35). In our study, the reduction in CH4 
production is probably due to the reduction in DMD more than the other 
proposed mechanisms; however, although at minor extent, the other 
proposed mechanisms of action cannot be excluded.

Indeed, in this experiment, archaeal and protozoan populations 
were not affected by the treatments; although, as report by Aboagye 
and Beauchemin (22), tannins can reduce their activity. Protozoa and 
methanogens have a symbiotic relationship in the rumen, and a high 

number of protozoa is often associated with higher CH4 production 
(36–38) since approximately 37% of total rumen methanogenesis is 
produced by protozoa-associated methanogens (39).

In the literature, it is possible to find different responses to the 
presence of tannins for both methanogens and protozoa, with variation 
due to the type and source of tannins; in addition, the substrates used 
could explain the different results reported despite the similar dose of 
tannins (17, 34, 40, 41). In this sense, concentrated rich substrates 
encourage the growth of protozoa (42, 43). Sarnataro and Spanghero (44) 
reported a depressive effect of chestnut tannins on protozoa when the 
substrate was ground corn meal but not when the substrate was a mixture 
of feeds, simulating a total mixed ration for ruminants. In our experiment, 
the significant effect of the type of tannin on total protozoa without an 
effect due to the level of inclusion is unclear.

Regarding the type of tannin, generally, it is stated that HTs has a 
greater effect on CH4 reduction compared to CTs due to the supposed 
different mechanism of action: HTs act directly on methanogens, 
inhibiting their growth or their activity, while CTs reduce CH4 more 
through the indirect effect caused by the reduction in fiber 
degradability (22, 45). In an in vitro study, Jayanegara et  al. (8) 

TABLE 7 Protozoa count and relative abundance of Entodinium and Holotrica.

Condensed tannin (CT) extract Hydrolysable tannin (HT) extract SE p value

% Tannin 
extract

0 2 4 6 8 0 2 4 6 8 T1 L2 T×L3

Total protozoa (×103 

cell/ml)
318 397 398 390 414 318 380 317 308 332 33.2 0.034 0.340 0.582

Entodinium (% total 

protozoa)
98.1 97.3 98.9 98.8 98.8 98.1 98.7 98.2 97.7 99 0.505 0.918 0.453 0.213

Holotricha (% total 

protozoa)
1.86 2.71 1.07 1.24 1.17 1.86 1.26 1.77 2.28 1.04 0.505 0.918 0.453 0.213

1T: p value of the type of tannin effect, CT vs. HT.
2L: p value of the level of inclusion effect.
3T×L: p value of the interaction of the fixed effects.

FIGURE 1

Percentage of the major phyla present in the bacterial population.
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compared two different HTs, chestnut and sumach tannins, with two 
CTs, mimosa and quebracho tannins, and contrary to our work, they 
observed a greater reduction in CH4 production with the addition of 
HTs. However, similar to our results, Jayanegara et al. (8) did not 
observe any significant differences in methanogen populations 
between the types of tannins, suggesting that a discrepancy may exist 
between CH4 production, the number of methanogens, their activity, 
and the number of protozoa. This discrepancy could also be explained 
by the reduction of the DMD, particularly of the fibrous fraction. In a 
recent paper, Foggi et al. (46) tested in vitro CTs from quebracho and 
HTs from chestnut (inclusion level of 2%), finding a CH4 reduction of 

approximately 10% for both CTs and HTs, without a significant 
reduction in the number of protozoa but accompanied by a reduction 
in digestibility.

Regarding the bacterial population, the increase in the genus 
Prevotella in the presence of tannins can be explained by its ability to 
tolerate tannins (47, 48) and also to a lower presence of competitors. 
Moreover, species of Prevotella are hydrogen-consuming bacteria that 
can produce propionate via the succinate pathway from the 
fermentation of sugar or via the acrylate pathway through the 
fermentation of lactate (49, 50). The reduction in CH4 production 
induced by tannins can lead to an increase in hydrogen concentration, 
which could promote the development of Prevotella. Additionally, 
species of Prevotella are noncellulolytic bacteria known to use 
ammonia for amino acid synthesis (51). Similar to what we  have 
observed, Sarnataro and Spanghero (44) observed an increase in 
P. ruminicola in vitro associated with a decrease in rumen NH3 when 
chestnut HTs were added to the substrate. In line with these results, 
de Sant’ana et al. (52) reported an increase in the genus Prevotella 
when dairy goats were fed a diet including tannins. However, Carrasco 
et  al. (14) observed a reduction effect of quebracho and chestnut 
tannins on Prevotella in an in vivo experiment with Holstein steers, 
although with a high degree of variance among animals.

We also observed an increase in the genus Succinivibrio, which 
belongs to the Succinivibrionaceae family and is responsible for the 
utilization of hydrogen to produce succinate, with tannin supplementation. 
Succinivibrionaceae and methanogens are mutually exclusive and could 
represent a potential target for a CH4 mitigation strategy (53). Contrary 
to what was reported in several works (8, 22, 45), the present study did 

FIGURE 2

Relationship between the level of the treatments and proteobacteria.

FIGURE 3

Correlation between tannins and families Bacteroidales_BS11 and F082 and genera Prevotella and Succinivibrio*. *: Correlation between the level of 
inclusion of condensed (CT) and hydrolysable (HT) tannin extracts and the percentage of the presence of families Bacteroidales_BS11 (A) and F082 
(B) and genera Prevotella (C) and Succinivibrio (D).
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not reveal a significant difference between tannin sources (CTs and HTs) 
when added at the same concentration in terms of negative effects on 
DMD and VFA production. Hassanat and Benchaar (33) reported a 
significant reduction (−6%) in VFA production with quebracho and 
chestnut tannins when added at concentrations higher than 5%. In our 
study, we recorded a linear reduction in total VFA production for both 
types of tannins. Several in vitro studies (17, 33, 54, 55) have reported a 
reduction in branched VFAs (isobutyrate, isovalerate and valerate) caused 
by CTs and HTs. Branched chain volatile fatty acids are a byproduct of 
amino acid deamination in the rumen, and in our experiment, the 
reduction in these branched VFAs was caused mainly by HTs. This 
observation is supported by the reduction in NH3 concentration that 
we registered for both CTs and HTs. According to the work of Hassanat 
and Benchaar (33), the NH3 concentration in the fermentation buffer at 
the end of the incubation was linearly reduced as the level of both 
quebracho and chestnut tannins increased, reaching a reduction of almost 
17 and 18% with the inclusion level at 8% for CTs and HTs, respectively. 
Similar results were found by Foggi et al. (46), who observed a reduction 
in NH3 concentration of 13 and 10% for CTs and HTs, respectively, when 
included at 2%.

The reduction of GP, DMD and VFA, without changes in the 
relative quantities of acetate and propionate, could indicate, for both 
types of tannin, an effect of reducing the degradability more generally 
of the organic matter rather than the fiber. This is also to be seen in 
relation to changes in the microbiota, especially in the population of 
cellulolytic bacteria.

5. Conclusion

In this study, condensed tannins from quebracho were more 
effective in reducing CH4 production compared to HTs from chestnut. 
However, no significant changes in protozoan and archaeal 
populations were observed. Negative correlations with both CTs and 
HTs were observed with the families Bacteroidales_BS11 and F082, 
while the correlations were positive for the genera Prevotella and 
Succinivibrio. Moreover, both types of tannins caused a reduction in 
GP, DMD and NH3 and linearly lowered VFA production as the level 
of tannins increased. This leads us to assume that the reduction in CH4 
production is more related to the reduction in DMD caused by tannins 
than to their direct action on methanogens and protozoa. This could 
be detrimental to feed efficiency. On the other hand, the lower NH3 
concentration observed with tannins may suggest a lower ruminal 
protein degradation, which would lead to a reduction of urinary 
nitrogen excretion and an increase in the faecal one, with favorable 
environmental and agronomic repercussions.

Due to the high variability of CTs and HTs, further studies 
investigating the chemical structure of the compounds and their 
mechanisms of action are needed to understand the different results 
observed in the literature.

Finally, in vivo studies will show possible long-term effects such 
as ruminal microbial adaptation.
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The study of structure and e�ects
of two new proanthocyanidins
from Anogeissus pendula leaves
on rumen enzyme activities

Suman Lata1†, Pushpendra Koli1,2*†, Sultan Singh1, B. K. Bhadoria1,

Umesh Chand3 and Yonglin Ren2*

1Plant Animal Relationship, Indian Council of Agricultural Research (ICAR)-Indian Grassland and Fodder

Research Institute, Jhansi, India, 2School of Science, Health, Engineering and Education, Murdoch

University, Murdoch, WA, Australia, 3Department of Microbiology, Central University of Punjab, Bathinda,

India

Two novel proanthocyanidins, (2R, 3R)-(+)-Gallocatechin-(4β → 8)4-(2R,

3R)-(+)-gallocatechin (compound 1) and 3-O-galloyl-(2S, 3S)-(–)-epicatechin-

(4α → 8)-[3-O-galloyl-(2S, 3S)-(–)-epicatechin (4α → 8)]2-(2S, 3S)-(–)-

epicatechin (compound 2), were structurally characterized from leaves of

Anogeissus pendula. The structures were determined by ultraviolet spectroscopy

(UV), proton nuclear magnetic resonance (1H NMR), 13C NMR, and heteronuclear

multiple bond correlation. Molinspiration and Osiris property explorer applications

were used to predict bioactivity and drug score. Drug scores of 0.08 and 0.05

were predicted for compounds 1 and 2, respectively. Predicted bioactivity scores

were high. Due to their molecular weight, chemical structure, and conformation,

the newly discovered proanthocyanidins possess an inclination to interact with

proteins. Based on this premise, both compounds were subjected to in vitro

testing against ruminal enzymes. They exhibited significant inhibition activities

(p < 0.01) with a range of half maximal e�ective concentration (EC50) of 14.80–

17.88 mg/mL of glutamic oxaloacetic transaminase in both protozoa and bacteria

fractions. The ruminal glutamic pyruvic transaminase activity was significantly

inhibited (p < 0.01) from EC50 12.59–16.29mg/mL, and R-cellulase inhibition was

recorded with EC50 18.20–21.98 mg/mL by compounds 1 and 2, respectively.

Protease activity decreased with increasing incubation time and concentration of

both compounds. The novel proanthocyanidins have potential roles in improving

feed conversion ratios and in drug development.

KEYWORDS

Anogeissus pendula, bioactivity score, drug score, epicatechin, gallocatechin,

proanthocyanidins, ruminal enzymes

1. Introduction

Polyphenolics are common secondary metabolites in plants that exhibit a wide range

of sizes, structures, and functions. Although their chemical structures and functions are

enigmatic, they generally interact with proteins and metal ions upon ingestion through

multiple hydroxylation (1). Plant phenolics include various secondary metabolites, such

as phenolic acids, flavonoids, coumarins, stilbenes, hydrolysable and condensed tannins,

lignans, and lignins. These compounds exhibit antimicrobial, antioxidant, and anti-

inflammatory properties, and their biological activity is determined by molecular structure

(2). Of particular interest in livestock feed are proanthocyanidins (PA), a member of the

phenolic compounds family and flavonoids subfamily. PAs may be foregut or hindgut
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fermenters and are defined by their ability to bind protein (3).

Moderate concentrations of PA (2–4% dry matter) can exert

beneficial effects on ruminants by slowing microbial digestion and

enhancing the absorption of amino acids in the small intestine.

However, there are reports of both positive and negative effects of

PAs on animal diets, indicating their complex roles (4, 5). There are

reports of how low tannin diets correspond with low digestibility,

and high tannin diets with higher digestibility, an indication of

the complex roles of PAs in the animal diet (6). Flavanols and

their oligomers also interact with proteins. Interactions may be

weak or strong; those formed are of low molecular size and

remain in solution (7). The potential of using plant extracts from

clove and mulberry leaves as feed additives in animal diets has

been investigated, and it was found that they improved feed

efficiency (8, 9). Hence, the structure vs. function relationship

of polyphenolics defines whether the nutritional impact will

be positive or negative. Understanding the structure–function

relationship of polyphenolics is essential in determining their

nutritional impact on animals (10).

This research focused on polyphenolics of a common small

tree distributed throughout tropical Asia and Africa. The leaves

of Anogeissus pendula Edgew (Combretaceae), known locally as

Kardhai, are eaten by livestock, especially during lean periods,

as sources of protein, energy, oil, fatty acids, and minerals (11,

12). In our previous studies, we assessed leaves of A. pendula

for contents of crude protein (9.8–10.6%), neutral detergent

fiber (46.4–58.6%), lignin (13.5–15.3%), and in vitro dry matter

digestibility (25–38%) (13). Here, our research aimed to understand

the phytochemical/structural properties of A. pendula phenolics

(flavonoids or PAs) in relation to their effects on rumen enzyme

activities (14–17). The use of natural compounds in animal feed

has become an increasingly popular area of research, with the goal

of improving animal health and productivity while minimizing

negative environmental impacts. In our study, we investigated

the potential of two novel compounds isolated from tree leaves

A. pendula against ruminal enzymes to act as feed additives for

ruminants, with promising results.

2. Materials and methods

2.1. Chemicals and reagents

Tannic acid, gallic acid, 2S, 3S(–)-epicatechin, 2R, 3R(+)-

gallocatechin, 2S,3S(–)-epicatechin-3-O-gallate, and Sephadex LH-

20 of analytical grade were purchased from Sigma, USA. All other

reagents and solvents used were of analytical grade.

2.2. Isolation of proanthocyanidins

Leaves of A. pendula were harvested in the monsoon season

from the Central Research Farm of ICAR-Indian Grassland and

Fodder Research Institute, Jhansi, India. Harvested leaves were

initially dried in shade and then placed in a hot air oven at

60◦C until a constant dry weight was reached. The dried leaves

were ground to a powder and passed through a 1-mm sieve. The

powder was defatted using pure hexane (18). The defatted powder

(4.5 kg) was placed in a Soxhlet extractor with pure ethanol. After

Soxhlet extraction, the solvent was removed under vacuum in

a rotatory evaporator at 40◦C and suspended in 2 L of distilled

water for 12 h. The remaining aqueous phase was washed with

chloroform and ethyl acetate; then, the leftover extract (840 g)

was chromatographed over a silica gel column (60–120 mesh).

Gradient elution of the column with chloroform and methanol

(60:40) yielded a yellow-colored solid, which was found to be

a mixture monitored by thin-layer chromatography (TLC). This

was purified on a pre-equilibrated Sephadex LH-20 column (30

× 2.5 cm) by eluting with H2O and methanol (10:1), which

yielded a yellow crystalline compound containing two compounds

that were resolved by preparative paper chromatography using

3MM Whatman paper and water as the irrigating solvent. The

upper pink band was extracted with water and lyophilized to

obtain compound 1, whereas compound 2 was a pale brown

microcrystalline substance.

2.3. Characterization and structure
determination

Melting points of the two compounds were determined

using a Bock monoscope and were uncorrected. UV spectra

were measured on a UNCAM UV/Vis spectrophotometer

(Newington, USA). Mass spectra were determined on a Jeol mass

spectrophotometer (Tokyo, Japan). 1H and 13C NMR spectra

were obtained on Bruker DRX-300 spectrophotometer (Fallanden,

Switzerland) with tetramethylsilane as an internal standard,

and the heteronuclear multiple bond correlation (HMBC) was

measured using a standard pulse sequence. High-performance

liquid chromatography (HPLC) was carried out using a Shimadzu

model LC-8A. The circular dichroism (CD) spectrum was done

at the Department of Pharmacognosy, University of Mississippi,

USA. TLC, column chromatography, and paper chromatography

(PC) were performed on precoated Si GF256, Si gel (60–120 Mesh,

Merck India), Sephadex LH-20 (Sigma, USA), andWhatman paper

to characterize compounds 1 and 2.

2.4. Qualitative phytochemical
investigation

Compounds 1 and 2 underwent complete acid hydrolysis to

study anthocyanidin subunits through Shinoda, vanillin/HCL, and

FeCl3 tests along with TLC and PC profiling (19). To determine

monomeric units, compounds 1 and 2 were independently treated

with phloroglucinol in the presence of 100mL of 1% HCl in 50%

aqueous methanol in a 250-mL round-bottom flask for 48 h. After

drying of solvent, the product was diluted with H2O and extracted

with ethyl acetate followed by evaporation. The dried product was

dissolved in 80% methanol and subjected to quantitative analysis

by 2D HPTLC (TLC plate cellulose; 20× 20 cm), solvent of tertiary

butanol: acetic acid: water at 3:1:1, and HPLC equipped with

UV/VIS detector at 280 nm and RP ODS column (25cm × 4mm,

id) at ambient temperature with solvents of acetic acid (1%) (A) and

methanol (B) at 1 mL/min.
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2.5. In silico studies

In silico studies were performed using open-source software

for virtual screening of the two novel compounds. Drug score

value qualifies the overall potential of a compound as a drug

candidate. OSIRIS property explorer was used to predict drug

score by considering toxicity risks, partition coefficient between

n-octanol and water (cLogP), solubility (logS), molecular weight

(Mw), tropological polar surface area (TPSA), number of hydrogen

acceptor and donor, number of rotatable bonds, and toxicity risks

(20). Molinspiration is used to predict the bioactivity score of the

isolated compound against regular receptors, such as GPCR ligand,

ion channel modulators, kinase inhibitor, and nuclear receptor

ligand (21).

2.6. In vitro ruminal enzyme activity

An adult sheep was selected for sampling from a small ruminant

unit of the Plant Animal Relationship Division of IGFRI, Jhansi.

Rumen liquor was collected before feeding. It is obtained through

mouth using a perforated plastic tube with light suction in a

0.5-L capacity pre-warmed thermos (22). A ruminal cellulase

extract was prepared from collected rumen liquor, and the effect

of isolated compounds on its activities was estimated according

to a described method (23). A protocol for determining the

activity of the intracellular enzymes glutamic pyruvic transaminase

(GPT) and glutamic oxaloacetic transaminase (GOT) was used

(24) while obtaining from the bacterial and protozoal fractions of

the rumen liquor and then separation of bacteria and protozoal

rich enzyme extracts in 0.1M phosphate buffer of pH 6.8 were

carried out according to our published methods (17, 22, 25). To

measure proteolytic enzyme activities, the concentration of protein

in enzyme extracts was estimated according to Lowry (26). The

proteolytic activity of isolated compounds was determined by

estimating undigested protein from casein (27, 28).

2.7. Statistical analysis

For the statistical analysis, both Microsoft Excel 2016 and R

(R-4.2.3) were used. To evaluate enzymatic activities, analysis of

variance (ANOVA) was performed by using R, and significant

differences in means were determined at p < 0.01 using post-hoc

analysis with Tukey’s test.

3. Results and discussion

3.1. Characterization of compounds 1 and 2

Compound 1: Pink amorphous substance, m.p. 280–82◦C,

UV(MeOH) λmax 264 nm; FAB-MS [M+H]+ 1,827, C90H74O42;

m/z; 1,718, 1,355, 1,216, 915, 911, 610, 305, and 167; CD spectral

data, CD at 231.2 nm CD[medg]= 2.467, at 264.1 nm CD[medg]=

0.1784 and at 275.1 nm CD[medg] = 1.1191; 1H NMR, 13C NMR,

and HMBC data are given in Table 1.

Compound 2: Pale brown microcrystalline substance, m.p.

270–72◦C; UV(MeOH) λmax 278 nm; FAB-MS [M+H]+ 1,611,

C81H62O36; m/z; 1,458, 1,323, 1,305, 882, 730, 441, 303,

289, and 151; 1H NMR and 13C NMR data are given in

Table 1.

Compounds 1 and 2 (Figure 1) were obtained as pink and light

brown microcrystalline substances, mp 280–82◦C and 270–72◦C,

respectively, and were responsive to characteristic reactions of

proanthocyanidin (29, 30). UV (MeOH, λmax, nm): 264 and 278

for compounds 1 and 2 further led us to infer the proanthocyanidin

nature of the compounds (31). The furnished anthocyanidins after

undergoing thorough acid hydrolysis (n-BuOH-HCl; 95:5) with

compounds 1 and 2 identified as delphinidin (Rf 55) and cyanidin

oligomeric procyanidin (Rf 45), respectively. The protonated fast

atom bombardment mass spectrometry (FAB-MS) of compound

1 afforded a molecular ion peak (M+H) at 1,827, consisted of

C90H74O42 furnishing molecular ion fragments due to retro-Diels-

Alder (RDA) cleavage at m/z 1,718, 1,355, 1,216, 915, 911, 610,

305, and 167 confirmed the presence of (+)-gallocatechin in

upper, middle, and terminal units (32) linked by C-C linkage

(m/z 1,521 and 305). Furthermore, the molecular fragment at m/z

152 and 1,718 verified the structure as homogeneous oligomeric

prodelphinidin. The protonated FAB-MS of compound 2 the

M+H peak at m/z 1,611 with formula C81H62O36, furnishing

molecular species due to consequence of RDA at m/z; 1,458, 1,323,

1,305, 882, 730, 441, 303, 289, and 151 confirmed the presence

of galloyl moiety in upper and extender units (m/z 303 and

1,305), whereas the terminal unit was unsubstituted with galloyl

unit (m/z 151 and 1,458) linked by C-C linkage (m/z 441, 882,

and 1,323).

The polymeric nature of isolated compounds was verified by
13C NMR and 1H NMR (Table 1), and their physicochemical

properties are depicted in Table 2. Chemical shift indicated for

polyflavan-3-ol in both compounds; in addition, signals for galloyl

moiety were also present in compound 2. Due to the complexity of

structures, the spectra were studied as regions A and B (A: 30–90

ppm and B: 90–160 ppm) (33). In region A, out of 18 aliphatic

carbons, six oxygenated methane carbons appeared at δ70.2, δ73.1,

and δ61.5 for C-3 of upper (u), middle (m), and terminal (t)

units, respectively. The up-field signal at δ81.6 and δ83.6 attributed

to the C-2 of u, m, and t with 2,3-trans configuration and at

δ36.8 and δ29.2, corresponding to the C-4 of u, m, and t units

was indicative of 2,3-trans and 3,4-trans configuration (34). Of

note was the observance of γ-gauche effect in 13C NMR for

C-4 in ring-C at δ36.8 relative to δ81.6 for C-2 in the upper

unit corroborated the 2,4-trans orientation in the prodelphinidin

molecule (35). Region B of the spectrum displayed characteristic

chemical shifts for 12 aromatic methine carbons at δ121.4 and

δ116.1 for C-2
′

and C-6
′

of u, m, and t units, respectively. Hydroxy

substituted carbons at δ145.7, δ145.4, and δ145.7 corresponded

to C-3
′

, C-4
′

, and C-5
′

, respectively, of u, m, and t along with

six quaternary carbons at δ137.8 of C-1
′

of u, m, and t. The

signals δ102.7 and δ108.8 were due to the C-8 carbon of u, m, and

t units.

Compound 2 exhibited 12 aliphatic carbons in region A in

which four were oxygenated methine for C-3 of u, m, and t units

that were represented by the chemical shift of δ74.5, δ71.9, and
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TABLE 1 1H NMR, 13C NMR, and HMBC spectral data for compounds 1 and 2 in DMSO-d6 (δ, ppm, J/Hz)∗.

C atom, Compound 1 Compound 2

u, m, t HMBC δH δC δH δC

C-2 u, m 3.896 (5H, d, J = 8.4Hz) 81.6 4.679 (3H, d, J = 4.2Hz) 76.8

C-2 t 3.695 (1H, d, J = 8.1Hz) 83.4 4.581 (1H, d, J = 3.6Hz) 77.8

C-3 u, m 3.249 (5H, dd, J = 6.6, 7.5Hz) 70.2, 73.1 5.646 (3H, dd, J = 4.5, 4.5Hz) 74.5, 71.9

C-3 t 4.698 (1H, m) 61.5 3.929 (1H) 68.2

C-4 u, m 3.833 (5H, d, J = 8.7Hz) 36.8 4.806 (3H, d, J = 6.3Hz) 34.6

C-4 t 3.419 (2H, dd, J = 6.6, 7.8Hz) 29.2 4.230 (2H, dd, J = 6.6, 6.3Hz) 29.2

C-5 160.7 154.2

C-6 u, m 5,7 2J & 8 3J 6.185 (1H, s, H-6 u)

6.209 (5H, s, H-6m, t)

89.6 6.179 (1H, s, C-6 u)

6.034 (3H, s, C-6m)

96.0

C-6 t 89.6 6.034 (3H, s) 97.2

C-7 160.7 155.0

C-8 u 6.277 (1H, s) 102.7 6.467 (1H, s) 96.6

C-8m, t 108.8 107.4

C-9 182.0 163.2

C-10 128.5 102.7

C-1
′

137.8 130.8

C-2
′

1
′

, 3
′ 2J & 4

′ 3J 7.312 (1H, s, H-2
′

u)

6.745 (4H, s, H-2
′

m)

6.438 (1H, s, H-2
′

t)

121.4 7.555 (3H, s, H-2
′

u, m)

6.998(1H, s, H-2
′

t)

112.4

C-3
′

145.7 145.5

C-4
′

145.4 145.7

C-5
′

145.7 7.927 (3H, J =8.7Hz, H-5
′

u, m)

6.949 (1H, J = 8.7Hz, H-5
′

, t)

114.9

C-6
′

1
′

, 5
′ 2J & 4

′ 3J 7.399 (1H, s, H-6
′

u)

6.903 (4H, s, H-6
′

m)

6.519 (1H, s, H-6
′

t)

116.1 7.412 (3H, J = 7.2Hz, H-6
′

, u, m)

6.769 (1H, J = 6.3Hz, H-6
′

, t)

112.4

C-1
′′

122.7

C-2” 6.658 (4H, s) 110.7

C-3” 144.8

C-4” 139.3

C-5” 144.8

C-6” 6.570 (4H, s) 109.9

C-7” 166.8

u, upper unit; m, middle unit; t, terminal unit, ∗1H, 13C, nuclear magnetic resonance (NMR) and 2D heteronuclear multiple bond correlation (HMBC) were determined on a Bruker

DRX-300 spectrometer.

δ68.2, respectively. The up-field signal appeared at δ34.6 and δ29.2,

corresponding to the C-4 of u, m, and t units with a 3,4-cis

configuration (36). The up-field resonance of the heterocyclic ring

carbon at δ76.8 and δ77.8 for C-2 of u, m, and t, respectively,

indicated the 2,3-cis configuration. The absence of a γ-gauche effect

in 13C NMR for C-4 (δ34.6) in ring-C relative to C-2 (δ76.8)

in the upper unit strongly indicated 2,4-cis orientation with 4S

configuration in the procyanidin molecule (36). In region B, the

spectrum displayed chemical shifts for seventeen aromatic methine

carbons at δ96.0 (C-6, u, m), δ97.2 (C-6, t), δ96.6 (C-8, u), δ112.4

(C-2
′

, u, m, t), δ114.9 (C-5
′

, u, m, t), and δ112.4 (C-6
′

, u, m,

t), respectively, and hydroxyl substituted carbons at δ145.5 and

δ145.7 corresponded for C-3
′

and C-4
′

, respectively, of u, m, and

t along with four quaternary carbons at δ130.8 of C-1
′

of u, m,

and t units. The resonance at δ107.4 was due to C-8 carbons of

the m and t units. The A-ring carbons at C-7 and C-5 appeared

at δ155.0 and δ154.2 in u, m, and t units. The chemical shifts at

δ163.2 and δ102.7 were due to C-9 and C-10 of u, m, and t. The
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FIGURE 1

Chemical structures of compounds 1 and 2.

TABLE 2 Physicochemical properties of compounds 1 and 2 and standards used in this study.

Compounds IUPAC name Solubility Melting point
(◦C)

Molecular
formula

Compound 1 (2R, 3R)-(+)-Gallocatechin-(4β→ 8)4-(2R,

3R)-(+)-gallocatechin

H2O 280–82◦C C90H74O42

Compound 2 3-O-Galloyl-(2S,

3S)-(–)-epicatechin-(4α→ 8)-[3-O-galloyl-(2S,

3S)-(–)-epicatechin (4α→ 8)]2-(2S, 3S)-(–)-epicatechin

H2O 270–72◦C C81H62O36

Tannic acid [2,3-dihydroxy-5-[[(2R,3R,4S,5R,6S)-3,4,5,6-tetrakis[[3,4-

dihydroxy-5-(3,4,5-

trihydroxybenzoyl)oxybenzoyl]oxy]oxan-2-

yl]methoxycarbonyl]phenyl]

3,4,5-trihydroxybenzoate

Alcohol, acetone,

H2O

200◦C C76H52O46

Gallic acid 3,4,5-trihydroxybenzoic acid H2O 258–265◦C C7H6O5

(–)-Epicatechin (2S,3S)-2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-

chromene-3,5,7-triol

H2O, Alcohol 235–237◦C C15H14O6

(+)-Gallocatechin (2R,3S)-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-

chromene-3,5,7-triol

H2O 189–191◦C C15H14O7

(–)-Epicatechin-3-O-

gallate

[(2S,3S)-2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3,4-

dihydro-2H-chromen-3-yl]

3,4,5-trihydroxybenzoate

H2O 257–258◦C C22H18O10

additional carbon signals at δ122.7 (C-1
′′

), δ110.7 (C-2
′′

), δ144.8

(C-3
′′

), δ139.3 (C-4
′′

) δ144.8 (C-5
′′

), δ109.9 (C-6
′′

), and δ166.8

(C-7
′′

), respectively, confirmed the presence of galloyl moiety in

the molecule.

The 1H NMR spectrum (DMSO-d6) of compound 1 showed

the presence of singlets at δ6.185 (1H) and δ6.277 (1H) in aromatic

region, which indicated a free proton each at C-6 and C-8,

respectively, as confirmed by available HMBC relationships for

C-4→ C-8 linkage between the upper and extension units (29).

The appearance of doublets at δ3.896 (5H, J = 8.4Hz) and δ3.833

(5H, J = 8.7Hz) and a double doublet at δ3.249 (5H, J = 6.6,

7.5Hz), forming AMX system (37) corresponding to C-2, C-4, and

C-3 position, respectively, for upper and extension unit, exhibiting

positive cotton effect at 231.2 nm (CD[medg] = 2.467) in the CD

spectrum finally led to 4R configuration of protons with β linkage

(38). The large coupling constant (J = 8.4Hz and J = 8.7Hz)
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for C-2 and C-3 was indicative of 2,3-trans orientation with β-

linkage at C-4. Resonance forming AMX2 system by doublet at

δ3.695 (1H, J = 8.1Hz), multiplet at δ4.698 (1H), and double

doublet at δ3.419 (2H, J = 6.6, 7.8Hz) for C-2, C-3, and C-4 of

terminal unit further corroborated of 2,3-trans configuration in

terminal unit of molecule (39). The singlets at δ7.321 (1H), δ6.745

(4H), δ6.430 (1H) δ7.399 (1H), δ6.903 (4H), and δ6.519 (1H),

respectively, are indicative of one proton at C-2
′

and C-6
′

of the

B-ring of upper, extension, and terminal with 2J coupling with C-

1
′

, C-3
′

& C-1
′

, C-5
′

, and 3J coupling with C-4
′

carbon, whereas

the 1H NMR spectrum (DMSO-d6) of compound 2 demonstrated

doublets at δ4.679 (3H, J = 4.2Hz) and δ4.806 (3H, J = 6.3Hz)

and a double doublet at δ5.646 (3H, J = 4.5, 4.5Hz), forming AMX

system for C-2, C-4, and C-3 position of upper and middle units,

respectively, suggested 2,3-cis orientation in upper and middle

units as indicated by the low coupling constant (J = 4.2 and 4.5Hz)

for C-2 and C-3. The noteworthy up-field displacement of the

C-3 proton suggested the presence of a methine proton attached

with an oxygen-bearing carbon, indicative of galloyl moiety on the

C-3 in upper and middle units (33). The presence of a doublet

at δ4.581 (1H, J = 3.6Hz), multiplet at δ3.929 (1H), and a double

doublet at δ4.230 (2H, J = 6.6, 6.3Hz), four protons, respectively,

for terminal units inferred 2,3-cis configuration in the terminal

unit. The chemical shifts appearing as singlets at δ6.179 (1H) and

δ6.467 (1H) for C-6 and C-8, respectively, for the upper flavonoid

moiety suggested C-4 → C-8 linkage with the middle unit. The

presence of a singlet at δ6.034 (3H) indicated a C-6 proton of the m

and t units. The free protons at C-2
′

of the B-ring of u, m, and t units

appeared as singlets at δ7.555 (3H) and at δ6.998 (1H), respectively.

The protons for C-5
′

and C-6
′

of the B-ring of u, m, and t units

were available as doublets at δ7.927 (3H, J = 8.7Hz, H-5
′

u, m),

δ6.949 (1H, J = 8.7Hz, H-5
′

, t), δ7.412 (3H, J = 7.2Hz, H-6
′

, u, m),

and δ6.769 (1H, J = 6.3Hz, H-6
′

, t), respectively. The availability of

protons at C-2
′

, C-5
′

, and C-6
′

in the B-ring suggested the presence

of an epicatechin unit in the u, m, and t units of the molecule.

The chemical shifts as singlets at δ6.658 (4H) and δ6.570 (4H) for

C-2
′′

and C-6
′′

suggested the presence of galloyl moieties in the

molecule (33).

The acid treatment of isolated compound 1 with

phloroglucinol yielded the (+)-gallocatechin and (+)-

gallocatechin-4-phloroglucinol adduct, whereas compound 2

yielded flavanol (–)-epicatechin and 3-O-galloyl-(–)-epicatechin-

4α-phloroglucinol, which were examined in HPLC. Compound

1 showed two peaks for (+)-gallocatechin (Rt = 22.54min)

with 2R:3R configuration and (2R:3R)-(+)-gallocatechin-4-

phloroglucinol (Rt = 14.12min), indicating the presence of

(2R:3R)-(+)-gallocatechin in extension and terminal units in a

molecule forming rare homogeneous oligomeric prodelphinidin

(4, 40). In compound 2, we detected peaks for (–)-epicatechin (Rt

= 28.32min) with 2R:3R configuration and (2R:3R)-3-O-galloyl-(–

)-epicatechin-4-phloroglucinol (Rt = 34.72min), which suggested

C-4 → C-8 inter-flavan linkage in procyanidin B type. This

evidence was adequate to characterize 1 as hexameric (2R, 3R)-

(+)-Gallocatechin-(4β → 8)4-(2R, 3R)-(+)-gallocatechin

and 2 as B-3 type 3-O-Galloyl-(2S, 3S)-(–)-epicatechin-

(4α → 8)-[3-O-galloyl-(2S, 3S)-(–)-epicatechin (4α →

8)]2-(2S, 3S)-(–)-epicatechin.
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3.2. Drug and bioactivity scores

The bioactivity and drug scores of compounds 1 and 2 were

predicted and compared with the standards tannic acid, gallic

acid, 2S,3S(–)-epicatechin, 2R, 3R(+)-gallocatechin, and 2S,3S(–)-

epicatechin-3-O-gallate (Tables 3A, B). The calculated drug score

was 0.08 and 0.05 for compounds 1 and 2, respectively. The

drug score combines druglikeness, cLogP (logarithm of partition

coefficient), logS (logarithm of solubility), molecular weight, and

toxicity risks in one value to judge a compound’s overall potential as

a drug (41). cLogP (octanol/water partition coefficient) is calculated

through the methodology developed by Osiris property explorer

(20), as a sum of fragment-based contributions and correction

factors and used to predict the permeability of molecules across the

cell membrane. Total polar surface area (TPSA) relates to hydrogen

bonding potential of the molecule and is a predictor of drug

transport properties, such as bioavailability, intestinal absorption,

and blood–brain barrier penetration. Calculation of volume is

based on group contributors. A number of rotatable bondsmeasure

molecular flexibility, which is a descriptor of absorption and

bioavailability of drugs (42).

The probability of bioactivity score of compound 1 toward

a G protein-coupled receptor (GPCR) ligand, also called seven-

transmembrane receptor or heptahelical receptor, nuclear receptor

ligand, and enzyme inhibitor was 0.20, 0.30, and 0.12 (>0),

respectively, which was shown to be active, and that of a kinase

inhibitor, ion channel modulator, and protease inhibitor was−0.17,

−0.14, and 0.00, respectively, which suggested the compound

is moderately active (−5.0 to 0.0). For organic molecules, if

the probability of bioactivity score is >0, then it is considered

active. If the probability of bioactivity score range is −5.1 to

0.0, then it is considered moderately active, and if <-5.0, it is

inactive (43, 44). The compounds showed results well within

the active range, depicting a low risk of undesired behavior like

mutagenicity or poor intestinal absorption, and thus indicated

potential drug-like behavior. The results also confirmed the low

risk of tumorigenic, irritant, and negative reproductive effects. The

abovementioned software was unable to calculate the bioactivity

scores for compound 2 due to its complexity.

3.3. Determination of e�ects on ruminal
enzymes in vitro

The ruminal glutamic oxaloacetic transaminase (R-GOT),

glutamic pyruvic transaminase (R–GPT), and cellulase activities are

illustrated in Figures 2A, B. Compounds 1 and 2 significantly (p <

0.01) inhibited the activities of R-GOT (P) with EC50 14.79 and

17.78 mg/mL and R-GOT (B) with EC50 15.14 and 16.60 mg/mL,

respectively. The R-GPT activity was also inhibited significantly (p

< 0.01) in the presence of compounds 1 and 2 (Figures 2C, D).

The comparison of inhibition in protozoal and bacterial fraction

envisaged nearly equal for EC50 (mg/mL) activity as 13.80 and

12.60, respectively, for compound 1 and 16.23 and 15.49 for

compound 2. The effect on cellulase activity of compound 1 showed

strong inhibition of EC50 18.197mg/mL compared with compound

2 with an EC50 21.878 mg/mL (Figure 3). This reveals a strong
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FIGURE 2

E�ects of compounds 1 and 2 compared with tannic acid and galic acid on inhibition activity (EC50) of ruminal glutamic oxaloacetic transaminase

(R-GOT) (A: protozoa fraction, B: bacterial fraction) and ruminal glutamic pyruvic transaminase (R-GPT) (C: protozoa fraction, D: bacterial fraction).

FIGURE 3

Inhibition activity (EC50) against ruminal cellulase for compounds 1 and 2 compared with tannic acid and gallic acid. Di�erent letters above the bars

indicate significant di�erences between the treatments.

affinity of compound 1 to bind cellulase enzyme in less quantity,

and consequently, this might have effects on fiber digestibility.

Tannic acid and gallic acid exhibited significantly (p < 0.01) higher

reduction in both GPT and GOT than did compounds 1 and 2. In

the case of cellulase enzyme activity, tannic acid was more effective

than gallic acid as the effective concentration to inhibit 50% activity

(EC50) was 89.13 and 109.65 mg/mL for gallic acid and tannic

acid, respectively. Both compounds 1 and 2 significantly (p < 0.01)

inhibited cellulase activity compared to both standards.

This inhibition effect of phenolic compounds could be a

result of their antimicrobial nature and the release of other

metabolites during the fermentation process. Similar observations

were recorded in cow rumen kinetics (14) from phenolic extracts of

Ficus species (17) and methanolic tree leaves extracts of A. pendula

(25). The released or break-down products of phenolic compounds

from the plant extracts can be turned into new antioxidants (45)

and that could reduce ruminal enzymatic activities. The inhibitory

effects of legume-extracted phenolics on cellulose digestion (46)
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FIGURE 4

E�ect of compounds 1 (A) and 2 (B) on R-protease with di�erent concentrations and di�erent incubation times.

help to support our findings on the reduction of ruminal cellulase

activity. The effects of simple phenolic acids also showed a

significant decrease in the activities of rumen enzymes in vitro (47).

R-protease activity of both compounds was significantly (p <

0.01) decreased proportional to increasing concentration (4, 8, 12,

16, and 24 mg/mL) and duration of incubation time (1, 2, 3, 4, and

5 h) (Figure 4). Compound 1 proteolysis decreased linearly with

increasing time and increasing quantity. The amount of liberated

protein (µg/min/mL) was 2.02 at 24 mg/mL at 5 h, whereas it

was 58 at 4 mg/mL in the 1st h. A similar trend was observed

with compound 2; a decline in protease activity was reported

between 7–34% and 21–50% with each increasing concentration

and increasing incubation time. At the highest concentration

(24 mg/mL), the amount of liberated protein was lowered to

1.87 µg/min/mL.

The trend for reduction in the concentration of liberated rumen

protein by the addition of compounds 1 and 2 with increasing

concentrations and incubation times was also observed by others

with condensed tannins extracted from Lotus pedunculatus (48),

proanthocyanidins obtained from Ficus species (17), and tannin-

rich forage leaves (49, 50). This could be due to the steric

interference at interaction sites of protease and receptors. The basic

route of proteolysis inhibition by phenolic compounds is based

on interference with the interaction of enzyme substrates (51).

In addition to this, the different types of phenolic structures and

the nature of protein vary by the degree of binding. It is believed

that the presence of proanthocyanidins/phenolics increases protein

flow from rumen to intestine, where it is directly available to the

animal (52). Thus, proanthocyanidins can have beneficial effects

if they bind protein (50) or detrimental effects if they lower

ruminal digestion without binding the protein, particularly for

hemicellulose (53). The isolated compounds from leaves of A.

pendula can be potentially used as a natural and sustainable additive

in animal feed to improve nutrition and minimize health risks and

environmental pollution. Novel animal feed formulations can be

developed that incorporate these compounds, and their testing in

controlled animal feeding trials to evaluate their effects on animal

growth, health, and wellbeing. The compounds could also be tested

for their ability to reduce environmental pollution by reducing the

excretion of harmful compounds in animal waste.

4. Conclusion

The molecular structures of two novel polyphenolic

compounds isolated from A. pendula leaves were elucidated,

and their activities were tested. Both compounds inhibited the

activity of all ruminal enzymes tested. These compounds can

be developed into dietary supplements or functional food for

animals to enhance the utilization of nutrients. The mode of action

of polyphenolics and proanthocyanidins in the gut is not fully

understood, so relating molecular structure to the mechanisms

and actions by which different proanthocyanidins elicit depression

in intake and digestibility in bovines is required. The discovery

of these novel compounds expands our understanding of diverse

and complex roles of proanthocyanidins in the animal diet

and highlights the potential for further investigation into the

molecular–function relationship of these compounds. Further

research is needed to evaluate the safety and efficacy of these

compounds in vivo, as well as to optimize their production and

extraction from natural sources.
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Introduction: The increase in availability and nutritional composition of oilseed 
co-products has made it essential to study the use of this biomass.

Methods: The objective of this work was to investigate the effects of including 
oilseed cakes on intake and digestibility, performance, carcass characteristics and 
meat sensory in feedlot lambs. Twenty-four crossbred Dorper × Santa Inês lambs, 
with initial body weight of 30 ± 1.3 kg, male, castrated, aged 4–5 months, were 
distributed in a completely randomized experimental design with four treatments 
(diets) and six replications (animals), confined in individual stalls for 70 days.

Results: The inclusion of tucuma cake (Tuc) reduced dry matter intake (p < 0.01) 
and diets with cupuassu cake (Cup) and palm kernel cake (Palm) reduced dry 
matter digestibility (p < 0.05). The Tuc diet also provided the lowest final body 
weight (p = 0.02); lower average daily gain (p = 0.03); lower feed efficiency (p = 0.03) 
and lower carcass weight (p < 0.01). However, diets did not influence carcass yield 
(%), fat thickness (mm) and loin eye area (cm2; p > 0.05). Meat from lambs on the 
control diet was rated as less fibrous and more tender (p < 0.05).

Conclusion: The inclusion of tucuma cake does not influence digestibility, 
but reduces intake, performance and influences carcass characteristics and 
meat texture. Diets with cupuassu cake or palmiste cake reduced digestibility,  
however, intake, performance and carcass characteristics were similar to the 
control diet.
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agroindustry byproducts, ruminant nutrition, cupuassu, palm kernel, sheep, 
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1. Introduction

The reduction of industrial waste is a worldwide trend that has led 
to studies on the use of this material in animal feed (1). The recovery 
and valorization of this biomass through the use in diets for ruminants, 
drives the advance of the agroindustry towards models of circular 
economy and sustainable production (2). In addition, it allows the 
replacement of edible food crops by inedible biomass and the 
reduction in production costs (3).

Oilseed cakes are an example of this previously discarded 
biomass. They are generated from the oil extraction process, to 
meet the growing demand of the sectors: pharmaceutical; to feed; 
biofuels and cosmetics (4). The inclusion of these co-products in 
ruminant feed has been studied due to the levels of neutral 
detergent fiber, crude protein and energy, through the residual 
ether extract, and show promising results (5–8), including in 
combined inclusion (9).

In the Amazon region, we  can highlight the production of 
cupuassu (Theobroma grandiflorum Schum), palm kernel (Elaeis 
guineenses) and tucuma (Astrocaryum aculeatum), which generate a 
high volume of cake, but which present 7.4–16.2% of EE; 8.5–18.7% 
CP and 53.1–69% NDF and potential for inclusion in diets for 
ruminants (10–12). The inclusion of cupuassu did not influence the 
consumption, production and composition of buffalo milk (6); the 
addition of 12% palm kernel cake increased intake, performance, 
marbling and feed efficiency in kids (13) and did not change the 
qualitative carcass attributes in Nellore cattle (14); the inclusion of 
45% tucuma cake provided results similar to control treatments in 
confined sheep (12).

The sheep herd in Brazil has increased by 10% in the last 5 years, 
exceeding 20  million animals, but still insufficient to meet the 
national demand (15). The use of co-products as an ingredient in 
their diet, in addition to improving the energy efficiency of the diet 
and reducing the inappropriate disposal of biomass, is a strategy that 
can contribute to the productivity of the chain. However, the effects 
of cupuassu, palm kernel and tucuma cakes on intake, digestibility, 
performance, carcass traits and meat acceptance in lambs need to 
be investigated.

Our hypothesis is that the inclusion of oilseed cakes does not 
compromise intake, digestibility and performance, but improves 
carcass traits and meat acceptance. Thus, the aim of this study was to 
investigate the effects of including oilseed cakes on these parameters 
in feedlot lambs.

2. Materials and methods

The research was approved by the Ethics Committee for the Use 
of Animals (CEUA) of the Federal University of Pará—protocol 
8,694,141,217.

2.1. Location, animals and diets

The experiment was conducted in the experimental installation of 
the Federal Institute of Education, Science and Technology of Pará—
IFPA (1°18′10.08′′ S, 47°56′56.10′′ W), Castanhal, Pará, with climate 
type Af, according to Köppen, and average precipitation of 2.770 mm/

year, average annual temperature and relative humidity air 26.8°C and 
85%, respectively.

Twenty-four crossbred Dorper × Santa Inês lambs, with initial 
body weight of 30 ± 1.30 kg, male, castrated, aged between 4 and 
5 months, were distributed in a completely randomized experimental 
design with four treatments (diets) and six replications (animals). The 
animals were housed in individual pens measuring 1.5 m2 (1.0 × 1.5 m), 
covered, with a wooden slatted floor and suspended, provided with 
drinkers and feeders with unrestricted access to water and 
experimental diets. The stalls were in a covered shed, with a side 
opening for natural wind circulation. At the beginning of the 
experiment, the animals were identified and subjected to 
parasite control.

The experimental period lasted 70 days, preceded by 10 days for 
the animals to adapt to the environment, stalls, management and diets. 
The control diet (Control) contained ground corn and soybean meal 
as concentrate ingredients, which were partially replaced by cupuassu 
cake (Cup diet), palm kernel cake (Palm diet) and tucuma cake (Tuc 
diet). The three diets with co-products from the Amazon agroindustry 
were balanced to be isoproteic and isoenergetic, in order to evaluate 
the potency of the co-products in substitution of the control treatment. 
The four diets included 400 g/kg of dry matter (DM) of corn silage as 
forage component and 600 g/kg DM of concentrated component 
differing in ingredients (inclusion of co-products), homogenized and 
offered as total diet (Table 1).

The diets were formulated according to the recommendations of 
the National Research Council (16) in order to meet the requirements 
for lambs and allow an estimated average daily weight gain of 200 g. 
They were provided in two meals, 50% at 7:30 am and the other 50% 
at 4:30 pm.

2.2. Intake, apparent digestibility of 
nutrients and chemical analysis

Consumption of nutritional components was determined by the 
difference between the amount of each component contained in the feed 
provided and the amount contained in leftovers. Daily, before offering 
the morning diet, leftovers were collected and weighed to determine dry 
matter intake and feed adjustment to allow 10–15% leftovers. In 
addition, samples of diet ingredients and leftovers were collected once 
a week. Subsequently, these samples were proportionally grouped to 
obtain the composite sample and placed in identified plastic bags.

Diet digestibility was estimated using indigestible NDF as an 
internal marker (17). For this purpose, feces were collected directly 
from the rectal ampulla during five consecutive days and at different 
times (0, 3, 6, and 9 h after the first feed offer), aiming at greater daily 
representativeness. They were then identified and stored in a freezer 
at −8°C. At the end of data collection, the material obtained in the 
5 days of collection was homogenized, forming a composite sample. 
Then, they were dried in a forced ventilation oven (55°C) until 
constant weight. The digestibility coefficient was estimated using an 
internal indicator: indigestible insoluble neutral detergent fiber (NDi). 
The offered diets, leftovers and faeces were incubated in situ, using 
TNT bags, in the proportion of 20 mg of DM cm2, in triplicate, in the 
rumen of crossbred Murrah-Mediterranean buffaloes, for 240 h (18). 
After the incubation period, analysis of the insoluble fiber in neutral 
detergent was performed to quantify the NDFi levels. Fecal excretion 
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values were calculated by the relationship between consumption and 
fecal concentration of NDFi.

Feeds, ingredients and leftovers were collected and they were 
pre-dried in an oven with forced air circulation at 55°C for 72 h. Then, 
the samples were ground in a Willey-type mill with a one-mm sieve 
sieve to determine for dry matter (MS—method G-003/1), ash 
(method M-001/1), crude protein (CP—method N-001/1), ether 
extract (EE—method G-005/1), neutral detergent fiber corrected for 
ash and protein (NDFap—method F-002/1) and acid detergent fiber 
corrected for ash and protein (ADFap—F-004/1), lignin (method 
F-005/01) using the methods recommended by the National Institute 
of Science and Technology in Zootechnics—INCT-CA (17).

Digestibility coefficients (DC) were calculated using the 
following equation:

DC = [(Amount ingested—Amount excreted)/(Amount 
ingested)] × 100.

2.3. Performance

The productive performance of the lambs was evaluated through 
the individual weighing of the animals on the first experimental day 

and on the last day, always in the morning, before the supply of the 
first meal.

Thus, total weight gain (TWG) was determined by the difference 
in final and initial body weight; and the average daily gain (ADG) by 
dividing the TWG by the number of confinement days (TWG/70). 
With the total daily intake of dry matter (total DMI) and the average 
daily gain (ADG), the feed efficiency (FE) was calculated using the 
following formula: FE = ADG/total DMI. Where: total DMI = total 
daily intake of dry matter; TWG = daily weight gain, in kg/day; and 
FE = feed efficiency.

2.4. Slaughter and carcass characteristics

On the 71st day of confinement, the animals were sent to the 
experimental slaughterhouse of the Instituto Federal do Pará (IFPA), 
Castanhal, Pará, Brazil. They underwent a period of fasting and rest at 
4 pm and then weighed to obtain slaughter body weight (BW).

At the time of slaughter, the animals were stunned by 
electronarcosis, followed by bleeding, skinning and evisceration, 
respecting the procedures for handling and humane slaughter of 
animals (19). At the end of the slaughter, the carcasses were weighed 
obtaining the weight and yield of the hot carcass (HCW and 
HCY = HCW/CWS*100), then taken to the cold room at a temperature 
of 6°C, where they remained for 24 h hung by the tendons of the 
Gastrocnemius muscle on appropriate hooks. After this period, they 
were weighed again to obtain cold carcass weight and yield (CCW and 
CCY = (CCW/CWS)*100).

Subsequently, in the loins (Longissimus lumborum), the loin-eye 
area (LEA) was determined from a cross-section between the 12th and 
13th thoracic vertebrae, which was performed using sheets of plastic 
transparency for the design of the area, in correspondence with the 
cranial portion of the loin. Thus, the following measurements were 
established: The length (A) and maximum depth (B) of the 
L. lumborum muscle, in cm, measured with the aid of a ruler and 
calculated from the ellipse formula: LEA = (A/2* B/2) π, in cm2, 
proposed by Silva Sobrinho (20). The subcutaneous fat thickness 
(SFT) in the carcass was measured, in mm, with the aid of a digital 
caliper at ¾ of a distance from the medial side of the L. lumborum 
muscle, to the side of the spinous apophysis.

Subsequently, the loins (right and left) of each animal were 
packaged, identified and frozen in a freezer (−20°C) for further 
analysis of sensory evaluation.

2.5. Sensory evaluation

Before sensory analysis, the microbiological quality of the meat 
was assessed and considered safe for sensory testing.

The evaluators were recruited after applying a questionnaire 
consisting of questions about availability to participate in the research, 
eating habits, including dietary restrictions associated with health, 
religious beliefs, diets and medication use. Fifty possible evaluators 
were recruited, including students from the Food Technology class at 
the State University of Pará and employees of the Federal Institute of 
Education, Science and Technology of Pará, who participated in 
aroma, flavor and texture recognition tests to verify the ability to 
recognize attributes (21). Of the 50 recruited, 20 tasters were selected 

TABLE 1 Ingredients and chemical composition of the experimental diets.

Items Diets

Control Cup Palm Tuc

Ingredients (g/kg DM)

Corn silage 400 400 400 400

Ground corn 432 62 260 132

Soybean meal 148 68 144 139

Cupuassu seed 

cake

- 450 - -

Palm kernel cake - - 176 -

Tucuma kernel 

cake

- - - 309

Mineral-vitamin 

premix1

15 15 15 15

Limestone 5 5 5 5

Chemical composition (g/kg DM)

Dry matter  

(g/kg as fed)

686 687 690 687

Ash 47.9 55.1 51.0 47.1

Crude protein 142 144 142 146

Ether extract 63.8 66.2 66.9 69.9

NDFcp2 308 384 385 445

ADFcp3 138 193 215 256

Lignin 132 107 100 77

Total digestible 

nutrients

691 680 679 679

Diets: Cup, cupuassu kernel cake; Palm, Palm kernel cake; Tuc, tucuma kernel cake. 
1Calcium 140 g. Phosphorus 65 g. Magnesium 10 g. Sulfur 12 g. Sodium 130 g. Cobalt 80 mg. 
Iron 1.000 mg. Iodine 60 mg. Manganese 3.000 mg. Selenium 10 mg. Zinc 5.000 mg. Fluor 
(max) 650 mg. Vitamin A 50.000 IU. Vitamin E 312 IU. 2Neutral detergent fiber corrected for 
ash and protein. 3Acid detergent fiber corrected for ash and protein.
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TABLE 2 Nutrient intake and apparent digestibility of lambs fed by-
products of Amazonian oilseeds.

Item Diet SEM p-
Value

Control Cup Palm Tuc

Intake (g/day)

DM 1193a 1261a 1071ab 858b 0.06 <0.01

CP 255a 218ab 189ab 172b 0.01 0.03

EE 76b 99a 79b 45c 0.01 <0.01

NDF 379 469 457 482 0.02 0.11

Digestibility (g/kg)

DM 838a 761b 698b 844a 1.62 <0.01

CP 860a 760b 815ab 828a 1.58 <0.01

EE 879 887 915 901 0.83 0.78

NDF 751a 664b 657b 749a 2.12 <0.01

Cup, diet with cupuassu cake; Palm, diet with palm kernel cake; Tuc, diet with tucuma cake; 
SEM, standard error of the mean; DM, dry matter; CP, crude protein; EE, ether extract and 
NDF, neutral detergent fiber.

TABLE 3 Performance of lambs fed by-products of Amazon oilseeds.

Item Diet SEM P-
value

Control Cup Palm Tuc

Initial 

BW 

(kg)

29.3 30.4 31.3 29.1 - -

Final 

BW 

(kg)

38.8a 37.3ab 35.9ab 34.0b 0.81 0.02

ADG 

(g/day)
124a 102ab 93ab 62b 0.01 0.03

FE 0,10a 0,08ab 0,08ab 0,6b 0.31 0.03

Cup, diet with cupuassu cake bran; Palm, diet with palm kernel cake bran; Tuc, diet with 
tucuma cake bran; SEM, standard error of the mean; BW, body weight; ADG, average daily 
gain; FE, feed efficiency.

who answered more than 70% of the questionnaire with greater 
discriminatory power and reproducibility of results. The group final 
of evaluators was composed of 10 women and 10 men aged between 
18 and 38 years.

The meat was wrapped in aluminum foil and baked in an oven 
until it reached an internal temperature of 70°C, measured with a 
thermocouple. The samples were cut parallel to the muscle fibers 
(1.5 cm cubes), wrapped in aluminum foil, coded with 3 digits and 
served at 60°C (22). Sensory analysis was performed individually and 
under controlled environmental conditions.

The attributes were determined according to the Quantitative 
Descriptive Analysis (QDA) and the description of the terminology 
was carried out after the tasters’ assessment (ISO 8586:2012). Each 
evaluator received the meat samples (Control, Cup, Palma, and Tuc) 
and a card with an unstructured hedonic scale, where 0 refers to the 
minimum intensity and 9 to the maximum for each attribute. Each 
evaluator indicated with a vertical line below the scale line the point 
that best represented the perceived intensity (appearance, aroma, 
flavor and texture) in the meat (23). The evaluator was instructed to 
drink mineral water between tastings to clean the taste buds and 
minimize residual effects.

2.6. Statistical analysis

The variables under study were submitted to the Shapiro–Wilks 
normality test, and in case they did not follow a normal distribution, 
the variables were analyzed using non-parametric statistics 
(Kruskal–Wallis, Friedman). Subsequently, analysis of variance was 
performed considering the completely randomized design with a 
fixed factor (diet—four levels), for the variables following 
normal distribution.

The effect of diets on intake, digestibility, performance and carcass 
variables including initial weight as a covariate (p < 0.05), according to 
the statistical model: Yij = μ + C + NSi + eij. Where: Yij = observed value 
of characteristic Y, i repetition and j diets; μ = overall mean; C = initial 
weight covariate (kg); NSi = treatment-related effect; eij = random 
error, associated with each Yij observation. Least squares adjusted 
means (24) were compared using Tukey’s test (p < 0.05).

The data referring to the sensory analysis were submitted to 
statistical analysis considering the levels of inclusion of the Amazon 
cakes as a fixed effect and evaluators as a random effect. Thus, the 
Poisson distribution was used through PROC GLIMMIX of SAS 9.1, 
considering in all evaluations up to 5% probability for type I error.

3. Results

3.1. Nutrient intake and apparent 
digestibility

Dry matter intake (g/day) was higher in Control (1,193) and Cup 
(1,261) treatments, followed by Palm (1,071) and Tuc (858; p < 0.01). 
Crude protein intake (g/day) was higher in the control treatment 
(255), the same for animals on the Cup (218) and Pal (189) diets, and 
lower for Tuc (172; p = 0.03). Sheep on the Tuc diet also had a lower 
intake of ether extract (45 g/day), control and Palm did not differ from 

each other (79 and 76 g/day) and Cup provided a higher intake (99 g/
kg; p < 0.01). NDF consumption did not differ between treatments, 
averaging 446.75 g/day (p > 0.05) (Table 2).

The DM digestibility (g/kg) was higher in Control (838) and Tuc 
(844) treatments, followed by Cup (761) and Palm (698; p < 0.01). The 
CP digestibility (g/kg) was also higher in Control (860) and Tuc (828), 
followed by Palm (815) and Cup (760; p < 0.01). There was no effect of 
the diets on the EE digestibility, however, for NDF, the Control (751) 
and Tuc (749) treatments also obtained the highest values, followed 
by Cup (664) and Palm (657 g/day; p < 0.01).

3.2. Performance

The variation of 2.1 kg in the initial weight of the lambs 
demonstrates the homogeneity of the confined animals for the 
research (Table 3). The final weight (kg) of lambs fed the control 
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diet was higher (38.8), Cup and Palm did not differ from each 
other (37.3 and 35.9, respectively), and Tuc had the lowest value 
(34; p = 0.02). For the average daily gain, the behavior was the 
same, with the highest value (g/day) obtained by the control diet 
(124), followed by Cup (102) and Palm (93) which did not differ, 
and the lowest value obtained by the lambs Tuc (62; p < 0.03). The 
diet that provided the highest feed efficiency was the control 
(0.10), followed by the Cup (0.08) and Palm (0.08) treatments, and 
the lowest efficiency was observed in animals fed with Tuc (0.06; 
p = 0.03).

3.3. Carcass characteristics

Only the Tuc diet differed in hot carcass weight (kg), where the 
lowest value (16.0) was observed, in relation to the other treatments 
(control 19.1; Cup  18.8; Palm 18.0; p < 0.01) (Table  4). The same 
behavior was observed in the evaluation of cold carcass weight, with 
lower weight (kg) for animals fed Tuc (15.6), followed by control 
(18.8), Cup (18.8) and Palm (17.7), which did not differ (p < 0.01). 
There was no effect of diets on carcass yield (%), fat thickness (mm) 
and ribeye area (cm2; p > 0.05).

3.4. Sensory evaluation

There was no influence of treatments on appearance (color and 
presence of nerves); aroma (meat, blood and fat) and flavor (meat, 
blood and fat; p > 0.05). However, for texture data, tenderness was 
higher in the control diet (6.12), followed by Cup (5.04), Tuc (3.78) 
and Palm (3.06; p = 0.02). Meat judged as more fibrous was the Tuc 
diet (6.03), followed by Palm (5.13), Cup (3.6) and control (3.24; 
p = 0.02). Juiciness was not affected by diets (p > 0.05).

4. Discussion

4.1. Intake and digestibility

The lower DMI observed in sheep fed the Tuc diet was possibly 
due to three factors: the EE content of the diet (6.99%); the highest 
level of NDF (44.5; Table 1); the reduced acceptance of the animals to 
the new ingredient. The inclusion of the co-product totaled 30.9% of 
the total diet, a significant amount that can be reassessed in future 
studies (Table 2).

The negative effects of oilseed co-products in ruminant diets 
may be related to increased levels of fat and fiber (3). In ruminants, 
the variation of only one of the sensory characteristics of the diet is 
enough to change the feed intake of the animals (25). Systematic 
studies investigate the taste preference of ruminants, aiming to 
provide information on the acceptance of synthetic blends and 
flavors (26).

With a reduction in DM intake, the Tuc animals also had lower 
CP and EE intake. The intake of DM influences the intake of nutrients, 
since it is composed of the sum of these. Nutrient intake and animal 
performance are directly linked to dry matter intake (27).

Despite the distance of up to 13.7% in fiber content between the 
diets, there was no difference in NDF consumption. This was probably 
due to the selection of animals, preferring the portion with greater or 
lesser fiber content. Small ruminants are selective animals regarding 
diets and make their choices according to availability and acceptability 
(28). In a study evaluating the inclusion of licuri cake in diets for kids, 
(29) observed that NDF consumption was higher in the control diet, 
compared to the diet with a higher level of the co-product, which had 
a higher fiber.

The control and Tuc diets obtained the highest DM digestibility 
coefficients and this was possibly due to the higher TDN content of 
the control diet and, in the case of Tuc, a lower percentage of lignin 
and a higher percentage of EE (Table 1). In addition, the CP of these 
diets (control and Tuc) was also more digestible. The EE digestibility 
was not influenced by the diets, allowing us to state that the residual 
fat present in the co-products of the oilseeds is of equal quality to that 
of the conventional ingredients (ground corn and soybean meal). The 
highest percentage of EE in the Tuc diet also did not influence the 
NDF digestibility, where it obtained the highest result with the 
control diet.

Variations in the total digestible content and metabolism of 
nutrients result in different availability in the body of animals (30). 
The inclusion of co-products, due to their fibrous content, has a great 
influence on the digestibility of diets (31–33).

4.2. Performance

The lowest final weight and ADG was observed on the Tuc diet, which, 
despite also having the lowest initial weight, promoted the lowest average 
daily gain (Table 3). This fact occurred due to the lower consumption 
observed for this treatment (Tables 1, 2). Even with digestibility values 
similar to the control treatment, the consumption of Tuc animals was 
28.2% lower. Intake, when diets are similar, is the best indicator of weight 
gain (34). When the feed is of good quality and optimizes intake levels, 
animal performance can be substantially increased (35).

TABLE 4 Carcass characteristics of lambs fed by-products of Amazon 
oilseeds.

Item Diet SEM1 P-
value

Control Cup Palm Tuc

Hot 

carcass 

(kg)

19.1a 18.8a 18.0a 16.0b 0.47 <0.01

Cold 

carcass 

(kg)

18.8a 18.5a 17.7a 15.6b 0.47 <0.01

Carcass 

yield 

(%)

50.1 50.1 48.1 48.3 0.51 0.57

SFT 

(mm)
1.47 1.4 1.43 1.41 0.02 0.18

LEA 

(cm2)
13 13.9 13.1 11.8 0.37 0.88

Cup, diet with cupuassu cake bran; Palm, diet with palm kernel cake bran; Tuc, diet with 
tucuma cake bran; SEM. standard error of the mean; SFT, subcutaneous fat thickness; LEA, 
loin eye area.
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Animals with low consumption, but with the same level of 
production as the others, have differentiated genetics (naturally more 
efficient), or received a best quality diet, where the use was more 
effective (36). In the present work, as there was no genetic 
differentiation and changes in diets with the inclusion of oilseed cakes 
influenced consumption and digestibility, there was a difference in the 
feed efficiency of the animals.

4.3. Carcass characteristics

The difference in final weight between treatments had a direct 
influence on carcass weight, with animals on the Tuc diet having the 
lowest values for hot and cold carcass (Table  4). However, the 
differences observed for weight gain and carcass weights did not 
influence the carcass yield, suggesting that the composition of the gain 
was proportional regardless of the diet, since the fat thickness and rib 
eye area were also the same (37).

The deposition of Protein and fat depend on factors such as: 
age, sexual class, hormonal regulation (endogenous and 
exogenous) and intake of necessary nutrients, mainly through the 
effects of the total energy absorbed and available for daily needs 
and growth (38). Consumption of formulated diets improves the 
prediction of weight gain and body composition compared to 
other feeding systems (39).

Measurement of LEA has been performed (in vivo) by 
ultrasonography, as it is efficient in monitoring marketable meat gain, 
animal performance and genetic selection (40). Higher LEA values 
are indicative of greater efficiency and feed conversion into product 
and performance, and result in heavier carcasses (41, 42).

4.4. Sensory evaluation

Feed management practices influence specific nutritional, 
technological and sensory quality characteristics of ruminant products 
(43). The evaluation of this influence on sensory attributes and 
consumer acceptance of possible changes such as flavor tenderness 
and juiciness, are essential (44, 45).

However, appearance, aroma and flavor were attributes that 
were not influenced by the inclusion of cakes (Table  5). The 
influence was on the fibrosity and texture of the meat, which 
resulted in greater tenderness and less fibrousness in the animals 
on the control diet. The lack of effect on juiciness reinforces the 
equality in fat thickness data, directly associated with meat 
juiciness (46, 47). Tenderness is an important meat quality trait 
and determines satisfaction, repeat purchase and willingness to 
pay premium prices, however diet is just one of many factors that 
can influence this characteristic (48, 49). The scores for the 
sensory attributes in this study were higher than those observed 
by Silva et al. (50); and lower than those found by Ribeiro et al. 
(51) and Silva et  al. (6) in meat from confined goats fed diets 
containing cakes of peanult, palmiste, and licuri, respectively.

5. Conclusion

The inclusion of tucuma cake does not influence digestibility, but 
reduces intake, performance and influences carcass characteristics and 
meat texture. Diets with cake of cupuassu and palmiste reduced 
digestibility, however, intake, performance and carcass characteristics 
were similar to the control diet. The use of CUP and PALM is indicated 
for medium performances, up to 120 g/day and TUC is not indicated 
as the main ingredient in finishing lamb diets because it limits the 
consumption and performance of the animals. We suggest that further 
research be carried out to verify the results and improve the use of this 
cakes in lambs feed.
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TABLE 5 Sensory attributes of meat from lambs fed with by-products of 
Amazon oilseeds.

Item Diet P-
value

Control Cup Palm Tuc

Appearance

Color 5.13 4.86 4.59 3.42 0.36

Presence of 

nerve

4.14 5.4 4.5 3.96 0.51

Aroma

Lamb meat 4.05 5.76 3.42 4.77 0.12

Blood 3.96 4.68 5.85 3.51 0.10

Fat 4.68 4.5 4.23 4.59 0.97

Flavor

Lamb meat 4.14 4.59 4.41 4.86 0.92

Blood 5.4 3.87 4.41 4.32 0.50

Fat 3.79 5.13 3.97 5.31 0.25

Texture

Tenderness 6.12a 5.04ab 3.06c 3.78bc 0.02

Fibrosity 3.24c 3.6bc 5.13ab 6.03a 0.02

Juiciness 3.78 3.6 6.03 4.59 0.07

Qualitative values refer to a hedonic scale from 0 to 9. Cup, diet with cupuassu cake bran; 
Palm, diet with palm kernel cake bran; Tuc, diet with tucuma cake bran; SEM, standard error 
of the mean.
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Appropriate particle size of rice
straw promoted rumen
fermentation and regulated
bacterial microbiota in a rumen
simulation technique system

Zhiqing Li, Huijing Qiu, Xinyi Lan, Zuo Wang*, Weijun Shen*,

Fachun Wan, Dingfu Xiao and Jianhua He

College of Animal Science and Technology, Hunan Agricultural University, Changsha, China

The purpose of this study is to reveal the e�ects of di�erent particle sizes

of rice straw on the rumen protozoa count, nutrient disappearance rate,

rumen fermentation, and microbial community in a rumen simulation technique

(RUSITEC) system. In this experiment, a single-factor random trial design was

adopted. According to the di�erent particle sizes of rice straw, there were three

treatments with three replies in each treatment. Three kinds of goat total mixed

ration (TMR), with the same nutrients were used to carry out a 10 days in

vitro fermentation experiment using the rumen simulation system developed

by Hunan Agricultural University, including 6 days the pretrial period and 4

days formal period. This study found that the organic matter disappearance

rate, concentrations of total volatile fatty acids (VFAs), acetate, propionate, and

iso-butyrate were greatest in the 4mm group (p < 0.05). There were no significant

di�erences in the alpha diversity, among the three groups (p > 0.05). The relative

abundance of Treponema and Ruminococcus of the 2mm group increased; the

relative abundance of Butyrivibrio and Prevotella in samples increased in the 4mm

group. In addition, the results of correlation analysis showed that Prevotella and

Ruminococcus was positively correlated with butyrate, ammonia-N, dOM and d

ADF (p < 0.05) and negatively correlated with valerate (p < 0.05); Oscillospira

was positively correlated with valerate (p < 0.01) and negatively correlated with

propionate, butyrate, ammonia-N, dOM and dADF (p < 0.05). The present results

imply that compared to the other groups, rice straw particle size of 4mm may

improve the disappearance rate of nutrients and promote the production of

volatile fatty acids by regulating ruminal microorganisms.

KEYWORDS

rice straw, goat, rumen simulation technique (RUSITEC), rumen microorganisms, rumen

fermentation

1. Introduction

Rice is the world’s third most important particle crop following wheat and corn (1). Rice

straw is a crucial residue that is generated in large amounts in Asia. The major proportion

of the rice straw is directly burnt in the field, which causes air pollution. However, rice straw

can be a crucial source of feed for ruminants. According to statistics, China has 133 million

goats and 173 million sheep in 2020 (2). Rational utilization of rice straw resources is of great

significance for the development of animal husbandry in China.
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The rumen simulation technique (RUSITEC) is an in vitro

fermentation system that simulates the physiological functions of

the rumen, which can reduce the limitations of animal experiments

in vivo. It plays an essential role in studying rumenmicroorganisms

and rumen fermentation mechanisms (3). The RUSITEC used in

this study adopts the continuous culture method. Specifically, we

can continuously inject buffer solution into the fermentation tank

while continuously discharging fermentation products from the

fermentation tank to form a continuous and dynamic fermentation

system. The standardization of RUSITEC is crucial for the accuracy

and comparability of research results on ruminant nutrition.

Currently, there are many studies on technical indicators such

as dilution ratio and feed input ratio on RUSITEC (4, 5), while

there are few reports on comparative studies of coarse feed particle

size. A few in vitro studies have shown that feed particle size

can affect the fermentation characteristics of RUSITEC. Smaller

feed particle sizes, concentrations of acetic acid, total volatile fatty

acids, ammonia nitrogen, and dry matter and crude protein loss

rates are lower, but total nitrogen content is higher (6–8). In

previous studies, the particle size of the feed used by researchers

was highly variable, such as 0.45 (9), 1 (10, 11), 3 (12), 4 (13),

and 5mm (14, 15). The feed particle size differed by nearly 10

fold and the comparability of the test results was poor. Therefore,

this experiment used RUSITEC to study the effects of three diets

(1, 2, and 4mm) with relatively similar particle sizes of rice straw

on fermentation characteristics and rumen microflora in goats,

with a view to providing references for the rational utilization

of rice straw resources and the improvement of artificial rumen

technical indicators.

2. Materials and methods

2.1. Experimental design and diets

Rice straw was crushed by hammer mill with sieve aperture of

1mm, 2mm, and 4mm, and the crushed rice straw was prepared

into three TMR in a 50:50 ratio of concentrate to roughage. The

samples were then separately weighed (20 g), stored in a properly

sealed plastic bag, refrigerated, and used as the base ration of

RUSITEC. The experimental treatments were group 1mm, group

2mm, and group 4mm. The experimental diet and rumen fluid

donor goat diet were formulated according to the nutritional

requirements of goats in NRC (16).

The RUSITEC consisted of nine fermentation vessels, which

were allocated to three groups (three vessels per group); each

fermentation vessel was randomly assigned to receive each diet

once. Each 10 days period consisted of a 6 days diet adaptation

period followed by a 4 days sampling period. The composition and

nutritional composition of the diets were shown in Table 1.

2.2. RUSITEC fermentation

Three rumen-fistulated Xiangdong black goats (30 ± 2.5 kg)

were used in the experiment. Before morning feeding, contents

were collected from the rumen of three goats, mixed and filtered

with three layers of gauze. Then the filtered rumen fluid was stored

TABLE 1 Composition and nutrients levels of the basal diets (DM basis).

Ingredients Content, %

Rice straw 50.00

Corn 29.20

Soybean 8.00

Wheat bran 11.09

CaCO3 0.11

CaH2PO4 0.40

NaCl 0.70

Premixa 0.50

Total 100

Nutrient levelsb

DM 98.70

CP 10.28

NDF 73.99

ADF 45.89

EE 15.06

aOne kg of premix contained the following: Vitamin A 15 544 IU, Vitamin D 23 220 IU,

Vitamin E 297 IU, Fe 31mg, Cu 25mg, Zn 60mg, Mn 75mg, I 0.15mg, Se 0.05mg, Co

0.15 mg.
bThe nutrient levels were all measured values.

CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; EE, ether extract;

DM, dry matter.

FIGURE 1

E�ects of di�erent straw particle size on the number of protozoan.

in an insulated container filled with CO2. Buffered rumen fluid

was prepared by mixing strained rumen fluid with prewarmed

McDougall’s (17) buffer at a ratio of 1:1 under a stream of

CO2. Then, 20 g of TMR was added to each fermentation vessel

and 1,000ml of rumen fluid mixed with buffer under anaerobic

conditions. Fermentation vessel contents were continuously stirred

by a central propeller apparatus driven by magnets at the rate

of 25 r/min and the temperature of the fermentation vessel was

maintained at 39◦C through a circulating hot water bath inside the

water jacket in the RUSITEC system.
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TABLE 2 E�ects of di�erent straw particle size on products of rumen

fermentation.

Units Particle size SEM p-value

1 mm 2 mm 4 mm

Total VFAs,

mml/L

93.03b 94.01b 97.24a 1.27 0.03

Individual, % of total VFAs

Acetate 72.52b 72.30b 74.42a 1.09 <0.01

Propionate 13.05b 13.71b 14.41a 0.13 <0.01

Iso-butyrate 0.76b 0.71b 0.84a 0.02 <0.01

Butyrate 7.79 7.85 7.15 0.35 0.06

Iso-valerate 3.15 2.90 1.92 0.18 0.14

Valerate 2.73a 2.53b 1.26c 0.03 <0.01

A: P 5.56 5.27 5.16 0.16 0.11

Ammonia-N

(mg/dL)

5.85 6.14 7.16 0.34 0.07

SEM, standard error of the mean.
a−cMeans within a row for doses that do not have a common superscript differ (p < 0.05).

Total VFAs= acetate+ propionate+ butyrate+ valerate+ iso-butyrate+iso-valerate.

A: P, acetate: propionate.

FIGURE 2

The e�ects of di�erent straw particle size on disappearance rate of

nutrients. Data were shown as means ± SEM, significant (p < 0.05)

or highly significant (p < 0.01) statistical di�erences were

represented by * or **. (A–D) are the disappearance rates of OM, CP,

NDF, and ADF, respectively.

2.3. Sample collection and analysis

2.3.1. Rumen fermentation characteristics
After the start of the test, each day before feeding (8:00 am and

8:00 pm) the contents of fermenters was collected for protozoan

counting. First, 5ml fermentation broth was collected from the

FIGURE 3

E�ects of rice straw particle size on the ruminal microbiota alpha

diversity in a rumen simulation technique system. (A) Ace index, (B)

Chao index, (C) Shannon index, (D) Simpson index.

FIGURE 4

Principle Coordinate Analysis (PCoA) based on Bray-Curtis distance

was used to compare and analyze the rumen microbial community

composition of three straw particle sizes. The X-axis and Y-axis

correspond to principal components 1 (PC1) and 2 (PC2), which

explain the highest level of variation.

sampling port of the fermenter and placed in a 15ml centrifuge

tube. Next, 10ml of methyl green staining liquor was added and

shaken to rest overnight. Then the Protozoan count was performed

by Sedgewick-Rafter counting plate and biological microscope.
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TABLE 3 E�ects of di�erent straw particle sizes on rumen bacterial

community at phylum level (%).

Units Particle size SEM p-value

1 mm 2 mm 4 mm

Bacteroidetes 59.87b 63.48a 64.96a 1.13 0.02

Firmicutes 30.91 30.59 29.13 1.24 0.94

Proteobacteria 1.44a 0.81c 1.07b 0.08 <0.01

Spirochaetae 3.51 2.27 2.09 0.41 0.06

Tenericutes 0.60a 0.47ab 0.38b 0.05 0.03

Cyanobacteria 0.25a 0.16b 0.14b 0.02 <0.01

TM7 0.41a 0.29b 0.31b 0.02 <0.01

WPS-2 0.25a 0.15b 0.32a 0.03 <0.01

Others 2.76 1.78 1.6 0.14 0.07

SEM, standard error of the mean.
a−cMeans within a row for doses that do not have a common superscript differ (p < 0.05).

TABLE 4 E�ects of di�erent straw particle sizes on rumen bacterial

community at genus level (%).

Units Particle size SEM p-value

1 mm 2 mm 4 mm

Prevotella 30.72b 40.43a 39.61a 1.85 <0.01

Ruminococcus 14.52 15.01 13.69 4.02 0.12

Butyrivibrio 9.20 8.77 5.00 3.89 0.17

Clostridiales 4.56 5.05 5.00 0.45 0.31

Christensenellaceae 4.45 4.30 4.56 0.17 0.45

Lachnospiraceae 4.01 4.09 5.00 0.65 0.62

Treponema 2.10b 3.85a 2.06b 0.37 <0.01

Succiniclasticum 1.89 1.63 1.52 0.22 0.47

Oscillospira 0.88a 0.64b 0.44c 0.03 <0.01

Mogibacteriaceae 0.74a 0.43b 0.27c 0.03 <0.01

Others 26.93 15.80 22.85 5.83 0.07

SEM, standard error of the mean.
a−cMeans within a row for doses that do not have a common superscript differ (p < 0.05).

From the sampling period (day 7), contents of fermenters

filtered with three layers of gauze was collected, divided into two

tubes with 5ml frozen storage tube, and stored in a −20◦C freezer.

Samples were thawed and centrifuged at 15,000 g for 10min at

4◦C, and individual VFAs concentrations were determined by gas

chromatography (Agilent 7890A; Agilent Inc.), Wang et al. (18)

describe the method. In addition, ammonia in the supernatant was

determined colorimetrically according to the method ofWang et al.

(19) and Weatherburn (20).

2.3.2. Determination of nutrients disappearance
Before the samples were collected, nitrogen was introduced into

the RUSITEC system, the solids and liquids in the fermentation

vessel were mixed evenly. Then all the solids and liquids in the

vessel were discharged into a 1,000ml measuring cylinder, the total

volume was recorded and the discharged mixture was filtered with

a nylon bag, which was cut from nylon cloth with an aperture

of 50µm and a size of 12 cm × 8 cm. The solid effluent of

each fermenter within 24 h was collected in the same nylon bag,

cleaned, dried, crushed, and stored for determination of routine

nutrient content. The contents of dry matter, crude protein, neutral

detergent fiber, and acid detergent fiber in feeds and residues were

determined according to Van Soest et al. (21).

2.3.3. Microbiota analysis by 16S RNA
Collected the contents of fermenters was collected and put

them in the EP tubes after high-temperature sterilization, and then

extract total DNA from the contents of fermenters samples using

the Qia amp fast DNAKit (Qiagen, Germany). The DNA extraction

was checked on 1% agarose gel, and DNA concentration and purity

were determined with Nano Drop 2000 UV-vis spectrophotometer

(Thermo Scientific, Wilmington, USA). The hypervariable region

V3–V4 of the bacterial16S rRNA gene was amplified by ABI

GeneAmp R©9700 PCR thermo-nuclear (ABI, CA, USA). The PCR

product was removed from 2% agarose gel and purified using

the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union

City, CA, USA) according to manufacturer’s instructions and

quantified using Quantus TMFluorometer (Promega, USA). Paired-

end sequencing was performed on the Illumina miseq pe300

platform/novaseq PE 250 platforms (Illumina, San Diego, USA).

According to previous studies (22, 23), the original 16S rRNA

gene sequencing reads were demultiplexed, quality filtered, and

merged. Operational taxonomic units (OTUs) with a 97% similarity

cutoff were clustered using UPARSE Version 7.1 (24), and chimeric

sequences were identified and removed. ACE and Chao richness

estimators, Shannon and Simpson diversity indices were used

to assess species diversity complexity (25). Beta diversity was

assessed using Principal Component Analysis (PCA). An analysis

of similarities (ANOSIM) was used to assess significant differences

between samples.

2.4. Statistical analysis

SAS (Version 9.4, USA) software was used for one-way

ANOVA. When the difference was significant, Duncan’s method

was used for multiple comparisons. Using Spearman correlation

analysis, the relationship between the bacterial abundance and

the disappearance of nutrients, ruminal ammonia-N and VFAs

concentrations was examined. The results were presented as the

mean and standard error of means (SEM). Statistical difference was

respectively declared as significant or highly significant at p < 0.05

or p < 0.01.

3. Results

3.1. Rumen fermentation characteristics

The number of protozoa decreased rapidly from day 0 to day 1,

slowly from day 2 to day 4, and tended to be stable from day 6 to

day 10 (Figure 1).
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The concentration of total VFAs, acetate, propionate, and iso-

butyrate were higher in the 4mm group than others (p < 0.05;

Table 2). In addition, the valerate and A/P ratio of the 4mm group

were significantly lower than other groups (p < 0.01).

3.2. Determination of nutrients
disappearance

The disappearance rate of OM was higher in the 4mm group

than other groups (Figure 2, p < 0.01), but there was no difference

between the 1mm and 2mm groups (p > 0.05).

3.3. Rumen microbial diversity

There were no significant differences in the Ace index, Chao

index, Shannon index, Simpson index, among the three groups

(Figure 3, p > 0.05).

The microbial composition of contents of fermenters samples

were significantly different in different treatment groups, and the

explanation degree of PC1 axis and PC2 axis was 39.95 and 21.34%,

respectively (Figure 4).

3.4. Relative abundance of rumen
microorganisms

At the phyla level, Bacteroidetes and Firmicutes are the main

dominant bacteria. The relative abundance of Bacteroidetes was

higher in the 2 and 4mm groups than that in the 1mm group (p <

0.05; Table 3). However, the relative abundance of Proteobacteria,

Tenericutes, Cyanobacteria, TM7, and WPS-2 were significantly

higher in the 1mm group than others (p < 0.01).

At the genus level, the relative abundance of Prevotella,

Ruminococcus, and Butyrivibrio were the main dominant bacteria,

Prevotella in the 2 and 4mm groups were significantly higher than

that in the 1mm group (p < 0.01; Table 4). Compared with 1 and

4mm groups, the relative abundance of Treponema in the 2mm

group increased significantly. Interestingly, the relative abundance

of Oscillospira andMogibacteriaceae decreased with the increase of

straw particle sizes (p < 0.01).

Linear Discriminant Analysis Effect Size (LEfSe) analysis was

used to identify bacteria that were significantly different at the

genus level between the three groups (Figure 5). A total of

six genera differed significantly between the three groups. The

relative abundance of Succiniclasticun and Oscillospira increased

in the 1mm group. The relative abundance of Treponema and

Ruminococcus of 2mm group increased; the relative abundance of

Butyrivibrio and Prevotella increased in the 4 mm group.

3.5. Microbial correlation analysis

To further understand the role of rumen microorganisms in

rumen fermentation characteristics and nutrients disappearance

rate, six genera with significant differences at the genus level

were selected for correlation analysis. As shown in Figure 6,

Prevotella and Ruminococcus was positively correlated with

butyrate, ammonia-N, dOM, and dADF (p < 0.05) and negatively

correlated with valerate (p < 0.05); Treponema was positively

correlated with valerate (p < 0.01) and negatively correlated

with propionate, butyrate and dOM (p < 0.05); Oscillospira was

positively correlated with valerate (p < 0.01) and negatively

correlated with propionate, butyrate and ammonia-N (p < 0.05);

Butyrivibrio was positively correlated with iso-valerate and valerate

(p < 0.05). Treponema was positively correlated with valerate (p

< 0.01) and negatively correlated with propionate, butyrate, dOM,

and dADF (p < 0.05); Oscillospira was positively correlated with

valerate (p < 0.01) and negatively correlated with propionate,

butyrate, ammonia-N, dOM, and dADF (p < 0.05); Butyrivibrio

was positively correlated with iso-valerate and valerate (p < 0.05).

4. Discussion

Protozoa plays a vital role in the ruminal fermentation of

ruminants. Protozoa can phagocytose bacteria, convert dietary fiber

and starch into volatile fatty acids, slow down the fermentation rate

of carbohydrates in the rumen, and stabilize rumen pH (26). The

number of protozoans in this study tended to be stable from day

6 to day 10, which was consistent with the results of Hoover and

Knowlton (27). Dietary carbohydrates can produce large amounts

of volatile fatty acids under the action of rumen microorganisms.

The VFAs are vital energy source for ruminants, providing about

75% of the animal body’s energy (28). Previous research results

showed that the acetic acid and total VFAs in the large particle size

diets group was significantly higher than those in the small particle

size diets group in the RUSITEC system (6–8). This was confirmed

by the results of the present study, which showed that total VFAs,

acetate, propionate, and iso-butyrate contents were higher in the

4mm group than in the other groups. It may be that a large particle

size diets is beneficial to the growth of microorganisms in the

rumen, and then promotes the production of volatile fatty acids

(28). However, some researchers have found that smaller grain size

diets are more conducive to rumen fermentation, which may be

closely related to feed and animal species (Table 5).

Hildebrand et al. (7) used the RUSITEC system to study the

effect of 1 and 4mm particle size diets on rumen fermentation

characteristics in vitro, and the experimental results showed that the

larger particle size diets was more conducive to the fermentation of

OM and the decomposition of nutrients. In addition, the results

also showed that the content of ammonia-N was higher in the

large particle group. Although the results of this experiment also

confirmed that larger particle size was beneficial to improving the

disappearance rate of OM, but has no effect on the content of

ammonia-N. This may be due to the difference research method

and diets composition.

Numerous studies have shown that not only nutrients

composition of the diets affects the rumen microorganisms, but

also the physical structural changes of the diets may alter the

interactions between the rumen microorganisms and the animal

(34, 35). The different particle sizes of the diets will change the

contact area between the diets and rumen microorganisms, which

will change the rumen fermentation system (36), then cause the
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FIGURE 5

Identification of the most di�erentially abundant genera in rumen. The plot is generated from Linear Discriminant Analysis E�ect Size (LEfSe) analysis

with CSS-normalized OTU table and displays taxa with LDA scores above 2 and p-values below 0.05.

FIGURE 6

Correlation analysis of volatile fatty acids, ammonia-N and nutrient disappearance rate with and altered microbiota. Significant (p < 0.05) or highly

significant (p < 0.01) statistical di�erences were represented by * or **. dOM, organic matter disappearance rate; dCP, crude protein disappearance

rate; dNDF, neutral detergent fiber disappearance rate; dADF, acid detergent fiber disappearance rate.

change of rumen microorganisms, and finally affect the rumen

fermentation speed and the formation of fermentation products

(37). Similar to the results of previous studies (38), this study found

that Bacterboidetes and Firmicutes were the dominant phyla. The

primary function of Bacteroideteswas to degrade carbohydrates and

proteins (39, 40). Kaakoush (41) found that Firmicutes carry many

genes, producing many digestive enzymes to help animals digest

and absorb nutrients. This study found that the relative abundance

of Bacteroidetes increased significantly with the increase of rice

straw particle sizes, the disappearance rate of OM in 4mm group

was significantly higher than others, which may be related to the

increase of relative abundance of Bacteroidetes. Butyrivibrio was

the dominant bacteria in the rumen, which can produce VFAs,

CO2 and H2 by fermenting starch and polysaccharides. Prevotella

was the main starch degrading bacteria in the rumen, and can

decompose and utilize the protein in the diet (39). Fernando et al.

(39) have shown that the dominant bacteria in the rumen are not

affected by diet, but the results of this study show that the change

of diets structure will affect the relative abundance of dominant

bacteria genera, such as Prevotella, and the specific reasons need

to be further explored.

In this study, LEfSe analysis found that the change in

rice straw particle size would affect the composition of

microorganisms. With the increase in straw particle size, the

relative abundance of Ruminocococus, Butyrivibrio, and Prevotella

increase. Ruminococcus and Butyrivibrio are significant cellulolytic

bacteria. In the rumen, they play a crucial role in degrading

cellulose and producing VFAs (42, 43). The results of correlation

analysis between microorganisms and VFAs and nutrients

disappearance rate showed that Prevotella was positively correlated

with butyrate, ammonia-N, dOM and dADF. Liu et al. (44) found

that Prevotella is the main protein hydrolysis bacteria in the rumen.

The correlation between Prevotella and ammonia nitrogen and

dOM may be due to the role of Prevotella in degrading protein

and regulating the rumen environments (45). Ruminocococus is

the main butyrate-producing bacteria, positively correlated with

butyric acid. However, Ruminocococus is negatively correlated

with valerate, which may be caused by competition between
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TABLE 5 E�ects of di�erent particle size on rumen fermentation of ruminants in vitro.

Feed type Animals Size Results References

Wheat straw, Alfalfa hay Sheep 5 and 0.45mm Larger particle size (5mm) had higher total gas production,

acetic acid, total volatile fatty acid, and total nitrogen

contents

(29)

Maize silage, Grass silage Sheep 1 and 4mm The relative abundance of microorganisms in the large

particle size diet was significantly higher than that in the

small particle size diet

(30)

Alfalfa hay Cows 1 and 3mm Fiber content and particle size had no effect on OM and fiber

digestion in continuous culture of rumen fluid. However,

Larger particle size (4mm) had higher total gas production,

acetic acid, total volatile fatty acid, and total nitrogen

contents

(6)

Maize silage, Grass silage Sheep 1 and 4mm Cumulative gas production was recorded during 93 h of

incubation and its capacity decreased with increasing

proportion of grass silage in the diet, gas production was

delayed in 4mm treatments compared with 1mm treatments

(7)

Red clover, Gamagrass, and

Orchard grass

Holstein heifers 2 and 5mm Larger particle size diet is beneficial to the growth of

fibrolytic bacteria in the rumen

(31)

Uraria crinita Lambs 1, 2, 3, 4, 8, and 12mm Different particle sizes of uraria crinita can affect the

structure and quantity of microbial flora in lamb

fermentation broth in vitro, thus causing changes in

fermentation characteristics. The 2.36mm particle size

provided the best fermentation outcome for 3-month-old

lambs

(32)

Hays, Orchard grass, and

Alfalfa

Sheep 5.6, 1.18, and 0.3mm With the decrease of feed particle size, the contact area

between feed and rumen microorganisms will be increased,

and the nutrients will be more easily degraded by

microorganisms, thus improving the degradation rate of dry

matter and crude protein in vitro

(33)

Ruminocococus and Butyrivibrio, both cellulolytic bacteria. Liu

et al. (46) showed that iso-butyric, valerate, and Iso-valerate

were beneficial for the growth of fibro catabolic bacteria. The

results of this study also show that Butyrivibrio was positively

correlated with isovalerate and valerate. In summary, compared

to the other groups, rice straw particle size of 4mm may improve

the disappearance rate of nutrients and promote the production

of VFAs by regulating the structure of rumen microorganisms.

However, In the future, more targeted studies are needed to

determine the appropriate particle size of the diets, to promote

the standardization of RUSITEC system trials and enhance the

comparability of different studies.

The results of this study can provide RUSITEC reference

for the selection of straw particle size of the diet required by

RUSITEC in the fermentation process, and can effectively reduce

the experimental error caused by the difference in diet structure.

In addition, RUSITEC has more advantages in feed evaluation than

ruminants, and optimizing the technical index of RUSITEC is of

great significance for the efficient utilization of straw resources

in ruminants. However, although this experiment compared straw

with three-grain sizes of 1, 2, and 4mm, it is not clear whether there

is a more suitable particle size, and further research is needed.

5. Conclusion

The particle sizes of rice straw could significantly affect the

nutrients disappearance rate, rumen fermentation, and microbial

diversity of the RUSITEC system. This study showed that the

nutrient disappearance rate, volatile fatty acids contents, and

the relative abundance of beneficial bacteria in the 4mm group

increased compared with other groups. Therefore, compared with

other particle sizes, rice straw with a particle size of 4mmhad better

fermentation characteristics and nutrients utilization efficiency in

vitro under the experimental conditions.
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Mitigation of heat stress e�ects
on laying hens’ performances,
egg quality, and some blood
parameters by adding dietary
zinc-enriched yeasts, parsley, and
their combination

Gabriela Maria Cornescu1*, Tatiana Dumitra Panaite1,

Arabela Elena Untea1, Iulia Varzaru1, Mihaela Saracila1,

Mihaela Dumitru1, Petru Alexandru Vlaicu2 and Teodor Gavris2

1Animal Nutrition Physiology Department, National Research and Development Institute for Biology and

Animal Nutrition, Balotesti, Romania, 2Faculty of Animal Production Engineering and Management,

University of Agronomic Sciences and Veterinary Medicine of Bucharest, Bucharest, Romania

Objective: Finding natural, handy and e�cient nutritional solutions to prevent and

mitigate negative e�ects caused by environmental heat stress and to be applied

to large-scale laying hen industry.

Research design: A 3-weeks trial was conducted on 128 laying hens TETRA-

SL LL (50 weeks of age) housed in 8 cages/group, 4 laying hens/cage, 32 laying

hens/group, under heat stress conditions (34±1◦C). The basal diet on corn and

soybean meal was formulated to be isocaloric and isonitrogenic. Compared to

Control group diet (C), experimental groups E1 included 1% zinc-enriched yeast;

E2 included 2% parsley and E3 included 1% zinc-enriched yeast combined with 2%

parsley to minimize the heat stress e�ects.

Methods: The parsley and the zinc-enriched yeast were analysed for their

chemical composition, total polyphenols, antioxidant capacity, minerals, vitamin

E and incorporated into the ration structure. Production parameters, egg quality,

biochemical and haematological profiles of blood samples were analysed during

the trial.

Results: A statistically significant (p < 0.05) average egg weight was noticed on

E2 and E3 compared to Control group, and also during the 1st week compared

to the 2nd and the 3rd experimental weeks. Average daily feed intake values were

highly significant (p < 0.001) on E3 group compared to C, E1, E2, and on the 2nd

week compared to the 3rd experimental week (p < 0.021). Feed conversion rate

was highly significant (p < 0.001) during the 2nd and the 3rd experimental weeks

compared to the 1st week. The average daily egg productionwas highly significant

(p< 0.001)within 1stweek compared to the 2nd and 3rdweeks. A highly significant

(p< 0.001) yolk colorationwas noticed on E2 and E3 groups. Themalondialdehyde

(MDA) concentration decreased significantly (p < 0.05) to all experimental groups

compared to Control group during the 14th and 28th days of storage.

Conclusion: These findings suggest that the two ingredients minimized the

heat stress e�ects on production performance parameters with a demonstrated

antioxidant capacity role by delaying the lipid peroxidation during di�erent storage

time periods.
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1. Introduction

High temperature is one of the major environmental stressors

in poultry production causing an increased vulnerability according

to their breed, age, and genetic potential or nutritional status (1, 2).

Heat stress decreases feed intake, egg production, and quality and

increases the mortality rate of laying hens (3–6). Heat stress affects

negatively intestinal barrier integrity and causes reduced nutrient

absorption in laying hens which may be related with the imbalance

of the gut microbiome (7).

The thermoneutral zone which allows optimal performances

of laying hens is considered to be between 19◦C and 22◦C

(8). At cellular level, heat stress increases reactive oxygen

species which determines lipid peroxidation processes (9).

Therefore, there is evidence that using plants with highly

antioxidant potential and inhibitory activity of free radicals

plays a crucial role in mitigating heat stress effects (10).

Other several flock management strategies to overcome the

deleterious effects of heat stress can be evaluated as tailored

structural modifications–ramps and/or removing vertical

barriers to increase freedom of movement (11), nutrient

supplementation with different phytoadditives, vitamins and

minerals (12), or breeding selection to promote heat tolerant

poultry (13).

As some authors (14) stated is crucial to mitigate heat stress

impact on poultry production andwelfare by examining careful and

controlling environmental conditions, taking into consideration

that public poultry welfare concern and awareness increased.

Poultry, particularly during the final stages of their life

cycle, exhibit high susceptibility to heat stress and pathogenic

agents, leading to reduced feed intake and substantial impact

on both their welfare and productivity. The perception of

thermal discomfort may be noticed through the examination of

animal behavioral disturbances, such as pecking or aggressiveness,

search for cooler environments, restricted mobility, and wing

spreading (15).

Parsley (Petroselinum crispum) contains essential mineral salts,

iron, calcium, phosphorus, and vitamins A and C (16). In addition,

some authors (17) confirmed that parsley is of great importance

in preventing cell oxidation and developing the immune system,

due to a high content of vitamin C. Parsley leaves contain

a very important oil called myristicin with anti-inflammatory,

analgesic, antiproliferative, and highly effective as antibiotics for

negative bacteria and some fungi (18). Additionally, others authors

(19, 20) considered parsley as an important source of redox-

active compounds (ascorbic acid and carotenoids) and phenolic

compounds with an antioxidant potential as flavones apigenin,

luteolin, and gallic acid. Yeast, mostly brewer’s yeast, has been

appreciated as a high content of vitamin B complex; therefore, it

was fed to the animals for many years now (21). Animals have been

fed various forms of yeast and yeast derivatives for more than 100

years (22).

When the EU banned the use of antibiotics as growth

promoters in animal feed on 1 January 2006, it was viewed

as a difficulty at first and later as an opportunity to seek out

novel feeding strategies and alternative products (23). Nowadays,

beginning on 28 January 2022, a new European Law declared to

be illegal using antibiotics to compensate for poor farm animal

welfare standards.1 According to Azad et al., (24) Saccharomyces

strains have the potential to accumulate high concentrations of

copper (Cu), zinc (Zn), and manganese (Mn) salts to obtain ions

enriched. Zn is often associated with oxidant defense system,

part of Cu/Zn superoxide dismutase (SOD), a very important

cellular defense against oxidative stress (25). Zn is regarded as

a key component of redox metabolism in animal nutrition (26),

ensuring the activation of over 200 distinct enzymes involved in

protein metabolism and immunological function (27). Although it

is believed that all Zn oxide sources were banned in EU since 2022

to reduce environmental impact, European Commission limits at

150 ppm total Zn utilization in complete feed; therefore, zinc

oxide diet supplementation remains authorized (28). Rhodotorula

glutinis biomass represents a good source of protein, lipids, and

vitamins with positive effects on animal growth performance, their

intestinal integrity, and immune system (29, 30). Production of

yeast biomass rich in organically bound Zn is important to the

animal industry because such forms of Zn are readily absorbed by

the animal.

The current study aimed to evaluate the mitigating effects

of dietary parsley and Zn-enriched yeast, individually and

also combined on laying hens’ productive performances,

egg quality, and blood parameters when exposed to heat

stress conditions.

2. Materials and methods

2.1. Parsley and zinc-enriched yeasts

The parsley (Petroselinum crispum) was purchased from a

local Romanian phytopharmacy, already dried and over ground.

To obtain zinc-enriched biomass, Rhodotorula glutinis CCY 020-

002-033, yeast biomass has to be grown in culture medium

supplemented with optimal concentration of zinc. This yeast

strain was isolated from willow leaves, grown in synthetic

medium at batch scale level, at optimal growth conditions,

to assess its application as poultry feed additive. Rhodotorula

glutinis CCY 020-002-033 yeast (RG) was provided by ICCF

(Chemical and Pharmaceutical Research Institute of Bucharest).

The strain was enriched by different percentages of zinc oxide

(ZnO) (from 1 to 10%, w/v) on to Yeast extract Peptone

Dextrose (YPD, g/L: 10 yeast extract, 20 peptone, 20 dextrose,

15–20 agar). RG was incubated at 28◦C for 24–72 h to assess

its application in poultry feed. The optimum ZnO selected

inclusion rate was 10%, and our product registered a concentration

of 3.25 x 107 col/g product with a level of 16.9 g Zn/100

g yeast.

2.2. Animals and experimental design

The experiment was conducted according with Directive

2010/63/EU, Executive Order no. 28/31.08.2011, Romanian law

no. 43/11.04.2014. The experimental protocol no.118/02.12.2019

1 https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:

32019R0006
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was approved by the Ethics Committee on Animal Experiments

from the National Institute for Research and Development of

Animal Biology and Nutrition, Balotesti, Romania. A total of

128 laying hens TETRA-SL LL (50 weeks of age) were weighed

individually at the beginning of the experiment (1,660 ± 83.46 g)

and assigned in a completely randomized design composed of

four treatments, 8 cages/group, 4 laying hens/cage, and 32 laying

hens/group for a 4-week trial (1-week accommodation period and

3 experimental weeks). The laying hens were previously raised as

pullet in a local farm in Zucami improved cages. The cages are

designed to provide poultry-friendly egg production, taking into

consideration the health, comfort, and sustenance of the laying

flocks, as well as the maintenance of high egg production rate.

At 18 weeks age old, the poultry were purchased by Laboratory

of Animal Physiology and Nutrition, INCDBNA—Balotesti, and

transferred in adapted Zucami cages (provided with green plastic

partitions which calm and reduce birds stress, with holes for

optimum ventilation model F60 610, cage dimensions: front

610mm; back 745mm, height (mm: front 560/back 450, between

levels 688, inclinations 8◦/14%), suitable for digestibility trials,

in order to experiment different phytoadditives in thermoneutral

conditions or in extreme temperature conditions. To be ensured

that the hens consumed only from designated feeder, a plastic

divider was placed between the feeders. Water and feed access

were provided ad libitum. The nipple drinkers were located

so that each cage of birds had access on two drinkers. Twice

per day water tank containers were checked to avoid water

overheating and provide a water temperature of 18 ± 3◦C. A

week of adaptation period was assured prior to the beginning

of the experiment (experimental diets were fed, and the hall

temperature was risen gradually by 2◦C every 2 days, 26◦C,

28◦C, 30◦C, and 32◦C, respectively to avoid heat–shock). When

the experimental trial began, for heat stress evaluation, the hall

temperature was set at 34 ± 1◦C during the entire experimental

period (24/24 h) by using a Big Dutchmann, ViperTouch computer

system. The relative humidity of the experimental hall was

registered between 40 and 45%. The lighting schedule used

was the continuous lighting program of 16-h light and 8-

h darkness per day. No antibiotics were provided during the

entire trial experiment. All birds remained healthy during the

whole trial.

2.3. Diet formulation

The basal diets were formulated according to the commercial

requirements for TETRA-SL hybrid with a structured diet based on

corn and soybean meal, and all diets formulated were isocaloric

and isonitrogenic (Table 1). Compared to C diet, the other

three experimental diets included different levels of Zn-enriched

yeast and parsley, individually and combined, as follows: E1

included 1% Zn-enriched yeast; E2 included 2% parsley, and

E3 group included 1% Zn-enriched yeast combined with 2%

parsley. The diets were optimized using the nutritional feeding

dedicated software Futter 2008, Hybrimin (GmbH & Co., Hessisch

Oldendorf, Germany).

2.4. Productive parameter evaluation

The birds were weighted at the beginning and at the end of the

trial. During the experimental period, the productive parameters

were evaluated, as follows: Laying rate (eggs number/hen/day) and

average egg weight (AEW, g) were recorded daily, and average

daily feed intake (ADFI, g/hen/d), feed conversion rate (FCR, g

feed/g eggs), average daily egg production (ADEP, %), average egg

weight (AEW, g), and average egg mass (g) were calculated daily.

Feed conversion ratio (FCR) was calculated as the amount of feed

consumed (g) required to produce a unit (g) of egg mass (g feed/g

egg). Feed intake (g feed/bird/day) was reported by determining

the difference between the total daily feed given to each cage

with the feed refusals collected and weighted. Egg production

(%) was collected daily at the same time 11.30 a.m., calculated on

per cage basis over the entire experimental period and weighed

every day. The egg classification was done according to Council

Directive (2006) into four categories of eggs: extra-large (>73 g),

large (73–63 g), medium (63–53 g), and small (<53 g).

2.5. Blood sample collection

At the end of the trial (53 weeks of age), blood samples were

collected from axillary vein (6 randomly chosen hens/group)

into 6ml lithium heparin coated vacutainer tubes to determine

hematological and biochemical parameters analysis. The blood

samples were centrifuged at 2,700 RPM for 20min. After

blood centrifugation, the serum was transferred in sterile tubs

(Eppendorf, 2ml) and kept at−200C until the analysis. Plasma

concentrations of glucose (GLU), cholesterol (CHOL), triglycerides

(TG), total protein (TP), albumin (ALB), total bilirubin (TB), urea

nitrogen (BUN), creatinine (CR), uric acid (UA), calcium

(Ca), phosphorus (P), iron (Fe), and concentrations of alanine

aminotransferase (ALT), aspartate aminotransferase (AST),

alkaline phosphatase (ALP), and gamma glutamyl transferase

(GGT) were analyzed using a spectrophotometer ABX PETRA 400

(HORIBA Medical, France). Hematological profile: hematocrit

(HCT), leukocyte (LEUK), heterophyle (HET), lymphocyte

(LYM), monocyte (MON), and eosinophil (EOS), was determined

using ADVIA 2120i – Siemens (flow cytometry with peroxidase

reaction and laser detection). Optical microscopy was used for the

examination of blood smear.

2.6. Egg sampling and measurement
procedures

A total number of 288 egg samples for the entire experimental

period were collected randomly and weighed individually for

determination of the external and internal egg quality. Eggs from

each treatment were analyzed on first experimental week in stress

conditions and on the final week of the experiment. Half of the

collected eggs samples were analyzed for quality traits (whole egg,

yolk, albumen and eggshell weight, pH albumen and yolk, albumen

and yolk temperature, Haugh Unit, and yolk color) and antioxidant

profile (minerals, vitamins, lutein, and zeaxanthin), while the other
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TABLE 1 Proximal chemical composition of the diets.

Ingredients (%) C E1 E2 E3

Yellow corn ground, % 44.68 43.51 43.09 41.93

Wheat, % 15.00 15.00 15.00 15.00

Soybean meal, 48 % 25.74 25.70 24.96 24.91

Vegetable oil, % 1.55 1.76 1.89 2.10

Methionine, % 0.15 0.15 0.17 0.17

Limestone, % 10.13 10.14 10.14 10.14

Phosphate, % 1.33 1.32 1.34 1.33

NaCl, % 0.37 0.37 0.37 0.37

Choline, % 0.05 0.05 0.05 0.05

Premix∗ , % 1.00 1.00 1.00 1.00

Yeast, % - 1.00 - 1.00

Parsley, % - - 2.00 2.00

Total, % 100 100 100 100

Calculated nutrient composition

Dry matter, % 88.78 88.79 89.06 89.07

Metabolizable energy, kcal/kg 2,750 2,750 2,750 2,750

Crude protein, % 17.10 17.10 17.10 17.10

Ether extract, % 2.24 2.20 2.20 2.16

Ash, % 2.52 2.52 2.45 2.45

Crude fiber, % 2.96 2.96 3.06 3.05

Digestible protein, % 15.14 15.14 14.73 14.72

Calcium, % 4.19 4.19 4.19 4.19

Available phosphorus % 0.38 0.38 0.38 0.38

Ca/P ratio 11.03 11.03 11.03 11.03

Sodium, % 0.16 0.16 0.16 0.16

Chloride, % 0.27 0.27 0.27 0.27

Lysine, % 0.90 0.90 0.87 0.87

Methionine, % 0.43 0.43 0.44 0.44

Methionine and cysteine, % 0.73 0.73 0.73 0.73

Threonine, % 0.66 0.66 0.64 0.64

Tryptophan, % 0.20 0.20 0.19 0.19

Arginine, % 1.06 1.06 1.03 1.03

Analyzed nutrient composition

Zinc, mg/kg 128.89 390.17 106.53 379.29

Iron, mg/kg 426.57 372.29 405.40 384.60

Copper, mg/kg 19.82 12.71 14.12 14.21

Manganese, mg/kg 105.51 122.38 111.70 108.05

Lutein and zeaxanthin, ppm 7.14 9.18 11.02 8.40

Vitamin E, ppm 67.94 87.43 65.38 48.54

Total polyphenols, mg GAE/g 1.60 1.44 1.95 1.73

DPPH, mM equiv Trolox 8.02 7.82 8.46 8.97

C—conventional diet, E1–C+1% Zn-enriched yeast, E2–C+2% parsley, E3–C+1% Zn-enriched yeast and 2% parsley.
∗Premix content per kg diet: vitamin A: 13.500 IU, vitamin D3 : 3000 IU, vitamin E: 27mg, vitamin K3 : 2mg, vitamin B1: 2mg, vitamin B2 : 4.8mg, pantothenic acid: 14.85mg, nicotinic acid:

27mg, vitamin B6 : 3mg, vitamin B7 : 0.04mg, vitamin B9 : 1mg, vitamin B12 : 0.018mg, vitamin C: 25mg, manganese: 71.9mg, iron: 60mg, copper: 6mg, zinc: 60mg, cobalt: 0.5mg, iodine:

1.14mg, selenium 0.18mg; GAE, gallic acid equivalents; DPPH, 2,2-diphenyl-1-picrylhydrazyl; mM equiv Trolox, trolox equivalent antioxidant capacity.
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half of samples were collected and kept at room temperature for

storage period analyses to assess the oxidative stability of yolk. For

internal and external physical parameter measurements, each egg

was individually weighed using the high-quality precision balance

Kern EW6000-1M with a weighing capacity of max. 6,000 g/min.

5 g, readability 0.1 g (Kern & Sohn GmbH, D-72336 Balingen,

Germany). After weighing, the eggs were broken and the egg

components (albumen, yolk, and eggshell) weremanually separated

and weighed using the same balance as for the whole egg.

The assessment of pH albumen and yolk was measured using

a portable pH meter (Five Go F2-Food kit with LE 427IP67,

Sensor Mettler Toledo, Greifensee, Switzerland). We first proceed

to standardize pH meter using buffer solution of 4.01 and 9.20.

After being rinsed with deionized water, the electrode was dipped

into the homogenate, sufficient time to stabilize before the reading

the values. Haugh unit score was determined using) formula: HU=

100 x log (h-1.7w0.37
+7.6), where HU—Haugh Unit, h—albumen

height (mm), and w—egg weight (g) (31). Albumen height

measurement was established using a digital caliper. To assess the

storage period (0, 14, and 28 days), the egg weight loss (EWL)

was calculated by multiplying average egg weight by egg week

production and divided by 100 according to the Feddern’s formula

(32): Weight loss percentage (%) = [(initial egg weight - after

storage egg weight)/(initial egg weight)]× 100.

2.7. Color parameter assessment

The yolk color was measured by a portable color

spectrophotometer 3nh YS3020 (Shenzhen Threenh Technology

Co., Ltd, Beijing, China) with customized aperture (8 mm/4 mm/1

× 3mm), 2.6s measuring time, high accuracy of 0.04, with an

observer angle of 2◦/10◦ using the CIE-Lab system (Commission

Internationale de l’Eclaraige). All measurements were performed in

triplicate. The lightness L∗ (with 0 as perfect black; 50 middle gray;

100 perfect white), the saturation index in green/red intensity a∗

(negative values are green; positive values are red; 0 is neutral), and

the saturation index in blue/yellow intensity b∗ (negative values

are blue; positive values are yellow; 0 is neutral) were determined

by reflectance CIE—L∗ a∗ b∗ color coordinates following the

methods published by Panaite (33). In addition, the yolk color

was measured by the Roche yolk color fan (Hoffman-La Roche

Ltd., Basel, Switzerland; color scale from 15, dark orange, to 1,

light pale).

2.8. Zinc and other mineral determination

Flame atomic absorption spectrometry [Thermo

Electron—SOLAAR M6 Dual Zeeman Comfort (Cambridge,

UK)] was used for mineral determination in raw materials, feeds,

and eggs (3 eggs/samples, 6 samples/group) (34). The results were

expressed as µg/g (ppm) of dried sample. The phosphorus (P) was

determined spectrophotometrically according to Regulation (EC)

no. 152/2009, using a molecular absorption spectrophotometer,

Able Jasco V-530, Romania.

2.9. Content of total polyphenols

A modified Folin–Ciocalteu method (35) was used for

spectrometrically determination of total polyphenols in vegetal

materials. The reading of absorbance was performed at 732 nm,

and the gallic acid was used for calibration curve, the results being

expressed as mg gallic acid equivalents per gram sample.

2.10. Assay of
2,2-Diphenyl-1-picrylhydrazyl for
measuring antioxidant capacity

The antioxidant activity of vegetal materials was measured by

2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging activity

according to the method described by Untea (36). The absorbance

was read at 517 nm using a spectrophotometer (Jasco V-530, Japan

Servo Co. Ltd., Japan). The results were expressed as mM eq

trolox after a standard calibration curve was constructed by plotting

percentage inhibition against trolox different concentrations.

2.11. Yolk oxidative stability by
thiobarbituric acid reactive substances

The oxidative stability of yolk was indicated by the levels

of thiobarbituric acid reactive substances (TBARSs), according

to the methods described by Untea (35). The TBARS values

were calculated from a standard curve of malondialdehyde and

expressed as milligrams of malondialdehyde (MDA) per kg of

sample (mg MDA/kg). The absorbance of the prepared sample was

read at 532 nm.

2.12. Lutein and zeaxanthin determination

For lutein (LUT) and zeaxanthin (ZX) determination, an

RP HPLC analytical method was used as described by Vărzaru

(37). A high-performance liquid chromatograph (Perkin Elmer

200 series, Shelton, CT, USA) with a UV detector (445 nm) and

a stationary phase of 5µm C18 reversed-phase column of 250

× 4.60mm (Nucleodur, Macherey-Nagel, Germany) was used.

Chromatographic parameters were as follows: flow rate of 1.0

mL/min and a mobile phase of 13% water and 87% acetone.

2.13. Vitamin E determination

For vitamin E, determination was used an RP HPLC analytical

method described by Vărzaru (37). A high-performance liquid

chromatograph (HPLC Finnigan Surveyor Plus, Thermo-Electron

Corporation, Waltham, MA), a PDA-UV (292 nm) with a Hypersil

BDS C18 column, with silica gel, dimensions of 250× 4.6mm, and

a particle size of 5µm (Thermo-Electron Corporation, Waltham,

MA), was used. Chromatographic parameters were as follows:

flow rate of 1.5 mL/min and a mobile phase of 4% water, using

96% methanol.
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TABLE 2 Proximal chemical composition and antioxidant profile of

parsley and zinc-enriched yeasts.

Specification Parsley Zn-enriched yeast

Proximal chemical composition

Dry matter, % 90.06 91.63

Organic matter, % 69.89 74.84

Crude protein, % 23.49 10.82

Ether extract, % 1.40 0.54

Crude fiber, % 8.73 2.21

Ash, % 20.17 16.79

Total polyphenols, antioxidant capacity, minerals, and vitamin E

Total polyphenols, mg GAE/g 7.71 0.40

DPPH, mM equiv. Trolox 13.05 1.25

Zinc, mg/kg 56.16 97,105.59

Iron, mg/kg 3,817.70 1,619.25

Copper, mg/kg 12.64 302.84

Manganese, mg/kg 121.59 454.53

Vitamin E, mg/kg 25.33 3.61

GAE, gallic acid equivalents; DPPH, 2,2-diphenyl-1-picrylhydrazyl; mM equiv. Trolox,

trolox equivalent.

2.14. Statistical analyses

Each cage of five birds was considered as an experimental unit.

The normal distribution of data was checked by Kolmogorov–

Smirnov and Shapiro–Wilk tests. Differences between groups were

analyzed with one-way analysis of variance (ANOVA) by using

the statistical program IBM SPSS 20.0. Tukey’s comparison test

was used to evaluate statistical significance of differences between

dietary treatments. The significant differences among treatments

were determined at probability of p < 0.05.

3. Results

3.1. Zinc-enriched yeast and parsley
chemical characterization

The parsley and zinc-enriched yeast samples were analyzed to

determine their proximal chemical composition, total polyphenols

content, and their antioxidant capacity as experimental dietary

ingredients, and the results are presented in Table 2.

The parsley’s chemical characterization presented a higher

content of crude protein, crude fiber, total polyphenols, antioxidant

capacity, and iron concentration compared to Zn-enriched yeast

composition. On the contrary, the Zn-enriched yeast composition

registered a higher content of trace minerals (zinc, copper,

and manganese) compared to parsley. Both ingredients present

antioxidant potential due to their content in minerals, polyphenols,

and vitamin E which protects against oxidative damage.

3.2. Productive performances

The effects of dietary parsley, Zn-enriched yeast, and the two

mixed plant ingredients on laying hens performances are presented

in Table 3.

The ADFI values were statistically highly significant (p< 0.001)

on group E3 compared to C, E1, and E2 groups. In addition, a

statistically significant value (p = 0.021) of this parameter could

be noticed within the 3rd experimental week compared to the

2nd experimental week. There were no statistically significant

differences (p < 0.05) observed on FCR between groups, but

statistically highly significant value (p < 0.001) was registered on

the 3rd and the 2nd experimental weeks compared to 1st week.

The ADEP was statistically highly significant (p < 0.005) within

1st week compared to the 2nd and 3rd weeks, but no statistically

significant differences (p > 0.05) were observed between groups.

As expected, the heat stress affected negatively the egg weight

on C control group. Under heat stress conditions, the average

egg weight was statistically significant (p < 0.05) for E2 and E3
groups compared to C, and also a statistically significant weight

(p < 0.05) could be noticed on the 1st week compared with the

2nd and the 3rd week. The commercial size egg classification

registered statistically significant values (p < 0.05) for L size eggs

on E2 and E3 groups compared to C group. The percentage

of L size eggs was statistically significant (p < 0.05) during

the 1st experimental week whereas for S size egg classification

registered statistically significant (p < 0.05) on the 2nd and the

3rd weeks.

3.3. Egg quality parameters during
experimental period

As presented in Table 4 there were no statistically differences

(p > 0.05) concerning the whole egg weight at the beginning

of the experiment, although during the end of the experiment,

the E1 and E2 eggs’ weight was significant different (p <

0.05) compared to C and E3 groups. In addition, E1 and E2
registered significant differences (p < 0.05) on albumen weight

and yolk weight compared to the other two groups. The pH

albumen values registered significant differences (p < 0.05) at

the beginning of the experiment on E2 and E3 groups compared

to C and E1. The yolk color intensity values were statistically

highly significant (p < 0.0001) both at the beginning and at

the end of the experiment on E2 and E3 groups compared to

C and E1. The results obtained analyzing trace mineral content

data and antioxidant profile of egg yolk samples are presented

in Table 5.

The yolk sample analysis for vitamin E and LUT and ZX

concentration confirmed statistically highly significant differences

(p < 0.001) on E2 and E3 groups compared to E1 and C. Moreover,

for DPPH values, statistically significant differences (p< 0.05) were

noticed on E3 group compared to E2, E3, and C groups. Concerning

iron concentration, statistically significant differences (p < 0.05)

were registered on E1 and E3 groups compared to C and E2.

Vitamin A concentration registered statistically highly significant

Frontiers in Veterinary Science 06 frontiersin.org54



Cornescu et al. 10.3389/fvets.2023.1202058

TABLE 3 E�ect of diet supplementation by Zn-enriched yeast (1%), parsley (2%), and mixed plant additive ingredients on productive performances under

heat stress conditions (weeks 50–53 of age).

Period
trial/group

ADFI
(g/day/hen)

FCR
(g feed/g eggs)

ADEP (%) AEM (g) AEW (g) Egg size classification∗

S % M % L %

Week 1 (50–51 wks)

C 63.43b 1.57 76.43 44.00 57.54b 17.42a 69.43 13.15

E1 65.46ab 1.62 72.14 42.10 58.39ab 8.33b 72.24 19.43

E2 68.95ab 1.80 72.93 42.67 58.52ab 19.79a 60.45 19.56

E3 71.28a 1.65 77.44 45.71 58.90a 13.27ab 68.93 17.80

SEM 1.27 0.04 1.79 1.60 0.22 1.31 2.10 1.44

Week 2 (51–52 wks)

C 61.93b 1.96 62.14 34.76 55.76 25.17 62.57 12.26

E1 62.07b 1.76 67.14 38.04 56.61 21.26 65.42 13.32

E2 66.28b 2.06 66.92 38.18 57.04 18.27 68.05 13.68

E3 73.53a 1.97 69.92 39.82 56.83 22.28 62.98 14.74

SEM 1.17 0.08 2.00 1.21 0.27 2.20 2.41 1.31

Week 3 (52–53 wks)

C 66.86ab 2.26 60.71 33.80 55.60b 25.12 67.06 7.82b

E1 67.43b 1.95 70.00 38.91 55.64b 27.83 62.30 9.87ab

E2 69.14ab 2.21 62.41 35.22 56.63ab 23.89 58.60 17.51a

E3 74.40a 2.04 66.92 38.29 57.26a 23.27 59.59 17.14a

SEM 1.08 0.11 2.59 1.43 0.28 2.13 2.65 1.69

Overall (50–53 weeks)

C 64.74 1.93ab 66.43 37.52 55.60 25.12 67.06 7.82

E1 64.99 1.78b 69.76 39.68 55.64 27.83 62.30 9.87

E2 68.12 2.03a 67.42 38.69 56.63 23.89 58.60 17.51

E3 73.07 1.89ab 71.43 41.27 57.26 23.27 59.59 17.14

SEM 6.40 0.05 12.05 7.26 0.14 1.01 1.89 2.49

Main e�ects

Group

C 64.74C 1.93 66.43 37.52 56.30b 22.57 68.31 11.08b

E1 64.99CB 1.78 69.76 39.68 56.88ab 19.14 70.49 14.21ab

E2 68.12B 2.02 67.42 38.69 57.40a 20.65 68.45 16.92a

E3 73.07A 1.89 71.43 41.27 57.66a 19.61 64.94 16.56a

Period

Week 1 67.28 ab 1.66B 74.74a 43.62A 58.34A 14.71b 71.17 17.49a

Week 2 65.95b 1.94A 66.53b 37.70B 56.56B 21.75a 67.86 13.50ab

Week 3 69.96a 2.12A 65.01b 36.56B 56.28B 25.03a 65.10 13.09b

p-Value

Group <0.001 0.340 0.502 0.333 0.007 0.717 0.579 0.061

Period 0.021 0.001 0.005 0.000 <0.001 0.003 0.222 0.064

Group∗Period 0.613 0.948 0.800 0.865 0.857 0.564 0.732 0.653

C—conventional diet; E1–C+1% yeast; E2–C+2% parsley; E3–C+1% yeast and 2% parsley; data are presented as mean± SEM; means within a column sharing different lower superscripts are

significantly different at p < 0.05 or upper superscripts for statistically highly significant at p < 0.001; minimummass per egg in European Union, small size (S)<53g, medium size (M), 53–63g,

large size (L) 63–73g, extra-large (XL)>73 g.
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TABLE 4 Internal and external egg quality parameters at the beginning and at the final of the experiment.

Group Initial (50 weeks)

Whole egg
weight (g)

Albumen
weight (g)

Yolk
weight (g)

Eggshell
weight (g)

pH
albumen

pH
yolk

Yolk
color

HU

C 60.60 37.40 15.15a 7.65 9.00b 6.58 4.50C 97.52a

E1 60.91 38.10 15.35a 7.47 9.16b 6.58 4.28C 97.96a

E2 60.14 38.25 14.56b 7.33a 9.25a 6.59 6.06B 97.63a

E3 59.83 37.03 15.29a 7.50b 9.29a 6.50 6.67A 93.04b

SEM 0.252 0.221 0.106 0.055 0.025 0.013 0.104 0.599

p-value 0.749 0.534 0.121 0.220 0.004 0.311 <0.0001 0.009

Final (53 weeks)

C 57.17b 36.41 13.92 6.85 8.91 6.60 4.28C 95.02

E1 59.09a 37.61 14.12 7.36 9.01 6.58 4.29C 98.00

E2 59.62a 37.91 14.53a 7.18 9.03 6.63 6.44B 97.91

E3 55.83c 35.58 13.33b 6.91 9.00 6.59 7.11A 94.94

SEM 0.379 0.314 0.114 0.064 0.024 0.013 0.120 0.582

p-value 0.043 0.251 0.077 0.207 0.410 0.789 <0.0001 0.120

C—conventional diet; E1–C+1% yeast; E2–C+2% parsley; E3–C+1% yeast and 2% parsley; data are presented as mean ± SEM; means were calculated using six replicates per treatment (three

eggs per replicate); means within a column sharing different lower superscripts are significantly different at p < 0.05 or upper superscripts for statistically highly significant at p < 0.001.

TABLE 5 Antioxidant profile and trace minerals analysis of egg yolk samples at the final of the experiment.

Specification Vitamin E
(mg/kg)

Vitamin A
(mg/kg)

LUT&ZX
(mg/kg)

TP,
mgGAE/g

DPPH, mM
Trolox

Fe
(mg/kg)

Zn
(mg/kg)

C 46.70 5.913 4.313 0.706 1.917 171.3 75.35

E1 43.79 7.643 4.689 0.743 1.878 171.2 77.18

E2 55.59 7.013 8.336 0.765 2.553 163.9 70.44

E3 52.66 6.270 6.690 0.860 1.801 170.8 77.91

SEM 0.79 0.091 0.134 0.029 0.063 0.436 0.266

Main e�ect

Zn-enriched yeast

Without Zn-enriched

yeast

51.15 6.46b 6.325a 0.736 2.255a 167.6B 72.89B

With Zn-enriched yeast 48.22 6.96a 5.690b 0.812 1.878b 171.0A 77.55A

Parsley

Without parsley 45.24B 6.78 4.50B 0.735 1.930 171.3A 76.27A

With parsley 54.13A 6.64 7.5A 0.813 2.180 167.3B 74.18B

p-value

Zn-enriched yeast 0.079 0.014 0.028 0.205 0.009 0.001 0.000

Parsley 0.000 0.463 0.000 0.200 0.061 0.000 0.001

Zn-enriched

yeast∗parsley

0.993 0.000 0.001 0.751 0.006 0.001 0.000

C—conventional diet, E1–C+1% yeast, E2–C+2% parsley, E3–C+1% yeast and 2% parsley; data are presented as mean± SEM; means within a column sharing different lower superscripts are

significantly different at p < 0.05 or upper superscripts for statistically highly significant at p < 0.001; means were calculated using six replicates per treatment (three eggs per replicate); TP, total

polyphenols; GAE, gallic acid equivalents; DPPH, 2,2-Diphenyl-1-picrylhydrazyl, trolox equivalent antioxidant capacity; Fe (iron); Zn (zinc).
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TABLE 6 Internal and external egg parameters during di�erent storage time periods (0, 14, and 28 days) at room temperature.

Specification Egg weight and its components Internal egg parameters

Whole
egg (g)

Albumen
(g)

Yolk (g) Eggshell
(g)

pH-yolk pH-
albumen

Haugh
unit

0 days

C 57.17ab 36.41 13.92ab 6.85b 6.60 8.91 95.02

E1 59.18a 37.70 14.11ab 7.37a 6.58 9.01 98.11

E2 59.62a 37.91 14.53a 7.18ab 6.63 9.02 97.91

E3 55.82b 35.58 13.33b 6.91b 6.59 9.00 94.94

SEM 0.51 0.43 0.16 0.06 0.02 0.03 0.68

14 days

C 56.92 34.83 14.86 7.23 6.71 9.66 83.06b

E1 56.75 34.68 14.81 7.26 6.57 9.54 82.41b

E2 56.04 34.24 14.95 6.84 6.64 9.57 89.64a

E3 56.58 33.65 15.56 7.37 6.75 9.34 85.58ab

SEM 0.59 0.50 0.21 0.10 0.05 0.06 0.83

28 days

C 56.64ab 34.97a 14.42 7.25 6.59 9.52 73.61b

E1 55.21ab 33.48ab 14.76 6.97 7.06 9.37 76.05ab

E2 57.15a 34.27ab 16.03 6.85 6.94 9.58 78.42ab

E3 53.62b 31.93b 14.51 7.08 6.70 9.50 80.11a

SEM 0.58 0.46 0.42 0.12 0.08 0.05 0.90

Main e�ect

Group C 56.91ab 35.40a 14.40 7.11 6.63 9.36 83.90c

E1 57.05ab 35.29a 14.56 7.20 6.74 9.31 85.53b,c

E2 57.61a 35.47a 15.17 6.96 6.74 9.39 88.66a

E3 55.31b 33.72b 14.47 7.12 6.68 9.28 86.88a,b

Period 0 day 57.95a 36.91A 13.97b 7.08 6.60b 8.98B 96.50A

14 days 56.57ab 34.35B 15.05a 7.18 6.67b 9.53B 85.17B

28 days 55.63b 33.66B 14.93a 7.04 6.82a 9.49A 77.05C

SEM 0.32 0.27 0.16 0.05 0.03 0.03 0.47

p-value

Group 0.077 0.068 0.285 0.475 0.587 0.434 0.004

Period 0.019 <0.001 0.012 0.579 0.018 <0.001 <0.001

Group∗period 0.309 0.698 0.466 0.172 0.112 0.336 0.095

C—conventional diet; E1–C+1% yeast; E2–C+2% parsley; E3–C+1% yeast and 2% parsley; data are presented as mean± SEM; means within a column sharing different lower superscripts are

significantly different at p < 0.05 or upper superscripts for statistically highly significant at p < 0.001; means were calculated using six replicates per treatment (three eggs per replicate).

differences (p < 0.001) within E1 and E3 groups compared to C

and E2.

Table 6 presents internal and external egg quality data

parameters during storage period (0, 14, and 28 days) at room

temperature (21◦C).

The whole egg weight values were statistically significant (p <

0.05) for E2 group compared to E3 group. As expected, the egg

weight values were statistically significant (p < 0.05) on 0 days

of storage period compared to the whole egg weight registered at

28th days of storage. The egg albumen weight registered statistically

significant values (p < 0.05) at C, E1, and E2 groups compared

to E3 group. The same parameter registered the statistically highly

significant value (p < 0.001) on 0 days of storage. The yolk weight

values were statistically highly significant (p < 0.012) during the

28th days of storage compared to other 2 periods. There were no

differences noticed between groups. The yolk pH values registered

statistically highly significant value (p < 0.018) on the 28th storage

period compared with the other two storage periods. The albumen
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FIGURE 1

E�ect of di�erent lengths storage period of time (14 and 28 days) on egg weight loss (%). C, conventional diet; E1, C+1% yeast; E2, C+2% parsley; E3,

C+1% yeast and 2% parsley; Data are presented as mean ± SEM.

pH values were statistically highly significant (p < 0.001) on the

14th and 28th storage period, without any statistical differences

observed between groups. The HU score ranged between 83 and

88 between groups and 77 and 96 HU between periods. The

Haugh unit was statistically highly significant (p < 0.004) at E2
compared to E1 and C groups. In addition, as expected, the Haugh

unit exhibited a gradually decreasing curve consecutively with the

increasing storage period. A statistically highly significant (p <

0.001) difference could be noticed during the 0 days of storage

compared to the other two periods. The effects of different storage

period of time on egg loss parameters values at room temperature

(21±1◦C) are shown in Figure 1.

There were no significant differences (p> 0.05) between groups

at 14-day storage period, where an average of 2.77 % of weight

loss was registered. Same situation was noticed on the 28-day

storage period, where no statistical differences (p > 0.05) between

groups were noticed. As expected, along with the length of storage

also egg weight losses increase at 4.45 % at C and E3 groups.

Within Table 7 are presented the color parameter values indicating

yolk pigmentation evolution at room temperature during 14- and

28-day storage period.

An intense yolk coloration, statistically highly significant (p

< 0.001) measured by Fan color, was noticed on groups within

parsley inclusion E2 and E3, and statistically highly significant (p=

0.002) coloration intensity was registered within the 28th storage

period. The yolk color saturation expressed by lightness (L∗)

parameter registered statistically highly significant (p = 0.008) at

C group compared to E1 and E2 groups. As storage time concerns,

statistically highly significant (p < 0.001) for the same parameter

was registered on the 28th storage period compared to the other

2 periods. Concerning a∗(redness intensity parameter), E2 group

registered statistically highly significant (p < 0.001) compared to

all other experimental groups, and as the storage time increased, the

highest statistical value (p = 0.002) was noticed on 28th and 14th

storage period. Values of b∗ parameter (yellowness intensity) were

statistically highly significant (p < 0.001) at E3 group compared to

C, E1, and E2 while statistically highly significant differences (p <

0.001) were recorded on the 28-day storage period.

According to Figure 2, the parley and yeast inclusion resulted

in a statistically significant decrease (p < 0.05) in the MDA

concentration to all experimental groups compared to C group,

during both the 12th and 28th days of storage. An increasing of 53%

of TBARS values was noticed at C group between 0 days of storage

period and 28th days of storage, compared to 19% increasing of

TBARS values at E1 group, 37% increasing of TBARS values at E2
group, and 28% increasing of TBARS values at E3 group. On the

14th day of storage, statistically significant difference (p < 0.04)

was noticed between C and E1 groups. Same statistically significant

difference (p < 0.04) between the same two groups was maintained

during the 28th storage period.

3.4. Biochemical and hematological profile

Data on the serum biochemical indices are presented in Table 8.

Dietary supplementation with Zn-enriched yeast, parsley, and their

combination had no effect (p > 0.05) on serum concentration

levels of GLU, CHOL, TG, ALB, CR, UA, BUN, TP, TB, ALAT,

ALP, and ASAT during the trial period within our study, although

a statistically significant difference (p < 0.05) was noticed on

concentration level of minerals as phosphorus, on E2 group

compared to C, E1, and E3 groups. Moreover, a statistically

significant difference (p < 0.05) of Ca and Fe concentration levels

was registered at E2 and C groups compared to E1 and E3. The GGT

values were statistically significant (p < 0.05) on E1 and E3 groups

compared to E2 and C groups.

As shown in Table 9 hematological analysis of blood samples

had no apparent influence on selected hematologic values: LEU,

LYM, MON, and EOS. Our results showed a statistically significant

higher values (p < 0.05) of HCT for E1 and E3 groups compared

to C and E2. In addition, a statistically significant higher values (p

< 0.05) of HET were noticed on C and E1 groups compared to E2
and E3. Blood urea parameter significant increased (p < 0.05) on

E1 group compared to C and E2 groups.

4. Discussion

4.1. Total polyphenol content and
antioxidant capacity of experimented
ingredients

As expected, higher values of total polyphenol content and

antioxidant capacity were noticed on parsley compared to zinc-

enriched yeast. Some authors (38) in a study on parsley juice
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TABLE 7 Yolk color evolution during di�erent storage time periods at room temperature (21±1◦C).

Parameter Fan color L∗ a∗ b∗

0 days

C 4.28d 42.34 0.26b 14.84b

E1 4.31cd 42.15 0.26b 13.98b

E2 6.44b 41.04 0.96a 16.23a

E3 7.11a 41.12 0.71a 16.00a

SEM 0.07 0.36 0.06 0.22

14 days

C 4.83b 45.62a 0.47b 17.39b

E1 5.83a 43.78b 0.38b 15.82c

E2 5.17b 43.30b 1.23a 18.81a

E3 5.33ab 43.27b 0.90a 18.08ab

SEM 0.11 0.30 0.07 0.24

28 days

C 4.33b 50.24b −0.01b 16.32c

E1 6.25ab 54.54a 1.24a 24.67a

E2 6.50ab 56.36b 1.30a 22.01b

E3 6.67a 54.60b 1.11a 24.86a

SEM 0.17 0.53 0.08 0.36

Main E�ect

Group C 4.48B 47.62a,c 0.24D 16.18D

E1 5.46B 45.39 b 0.63C 18.16C,B

E2 6.04A 46.29 b,c 1.16A 19.01B

E3 6.37A 46.92c 0.91B 19.65A,B

Period 0 days 5.54b 41.66C 0.55B 15.26C

14 days 5.29b 43.99B 0.74A,B 17.53B

28 days 5.94a 54.01A 0.91A 21.96B

SEM 0.07 0.24 0.04 0.16

p-value

Group <0.001 0.008 <0.001 <0.001

Period 0.002 <0.001 0.002 <0.001

Group∗period <0.001 <0.001 <0.001 <0.001

C—conventional diet (C); E1—C+1% yeast; E2—C+2% parsley; E3—C+1% yeast and 2% parsley; data are presented asmean± SEM;means within a column sharing different lower superscripts

are significantly different at p < 0.05 or upper superscripts for statistically highly significant at p < 0.001; means were calculated using six replicates per treatment (three eggs per replicate); L∗

lightness, a∗ redness intensity, b∗ yellowness intensity.

obtained value of 14.87±1.03 (mg GAE/100mL). As Lipiński

et al. (39) stated polyphenols have antioxidant, antimicrobial,

immunomodulatory, and anti-inflammatory functions, however,

they present a low/poor bioavailability and absorption in poultry

gut. Similar to our results, other authors (40) reported a parsley

leaves total polyphenol concentration of 11.90mg GAE/g for

raw parsley leaves and 7.66mg GAE/g, respectively. Different

concentrations of lutein, zeaxanthin, and beta-carotene were

obtained for parsley leaves containing 31.28 mg/100 g (41), 11.1

mg/100 g (42), and 32.83 mg/100 g (43), respectively. In a clinical

study, it was stated that among the 50 foods with the highest

antioxidant content, dried parsley (7.430 mmol/100 g) ranks the

14th (44).

4.2. E�ects of heat stress on productive
performances

Our study’s results showed that dietary parsley and Zn-enriched

yeast on E3 group registered a significant improvement of ADFI,

ADEP, and ADW which conducted to a favorable FCR. Interesting

results showed that after an initial decreasing of ADFI during the
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FIGURE 2

Levels of thiobarbituric acid reactive substances (TBARS) within yolk samples during di�erent storage period (0, 14, 28 days) at room temperature

(21◦C). C, conventional diet; E1, C+1% yeast; E2, C+2% parsley; E3, C+1% yeast and 2% parsley; Data are presented as mean ± SEM. TBARS,

thiobarbituric acid reactive substances expressed as milligrams of malondialdehyde (MDA) per kg of sample (mg MDA/kg); Means were calculated

using 6 replicates per treatment, a, b Means with di�erent superscripts di�er significantly (p < 0.05).

2nd experimental week, the production parameter increased during

the 3rd week by 5.7%, this indicating probably that hens started

to accommodate with high temperatures. Other authors (45, 46)

obtained similar results on poultry weight, feed intake, and egg

production when adding dietary zinc in heat stress conditions. An

enhanced egg yield and hatchability in quail when adding parsley

leaf in poultry diets and a synergetic effect on feed consumption

were observed by Tahan and Bayram, (47). Laying hens exposed to

high, severe heat stress (32◦C) for 42 days registered a significantly

decreased ADFI by 18–22% compared to normal temperature

group (22◦C) or moderate temperature group (27◦C) (48). Lara

and Rostagno (14) stated that there is a large variability of heat

stress effects on poultry experiments due to many factors involved

(heat stress variation, temperature intensity, experimental length,

humidity, poultry age, and genetics). Other authors (49) noticed

that the decreasing percentage of laying hens’ egg production (13.2,

26.4, and 57%, respectively) depends on the exposure time to heat

stress (8–14 days, 30–42 days, and 43–56 days, respectively). Similar

results (50) were obtained in a stress heat experiment on 24weeks of

age Hy-Line Brown hens where ADFI was 58.12 g/hen/day, average

egg mass was 50 g, and FCR rate was recorded 1.29. Mashaly et al.

(51) observed a 52% decreasing of ADFI when a constant heat stress

was applied for 5 experimental weeks.

Ibtisham et al. (6) introduced a Chinese herbal medicine

mixt (3.32 g/kg diet) and ginger powder (10 g/kg diet) and

their combination in an experimental hall at 32–38◦C in 3-tier

cages layer houses (2 hens per cage) and noticed that production

parameters as feed intake and egg production significantly

improved compared to control group raised in heat stress

conditions as well. Manaig et al. (52) state that plant extract

utilization can provide a safe, accessible, and low-cost nutritional

solution to heat stress problem by combatting the deleterious

effects of heat stress on production performance. Büyükkiliç et al.

(53) evaluated the effects of thyme essential oil (300 mg/kg)

and vitamins A (15,000 IU/kg diet), C (250 mg/kg diet), and E

(250 mg/kg diet) on laying hens’ performance, egg quality, and

biochemical parameters under 34◦C heat stress (HS) for 8 h daily

and noticed that the treatment had no effects on body weight, feed

intake, egg production, feed conversion rate, egg weight, egg yield,

and egg weight.

4.4. Internal and external egg parameter
assessments during storage period

Within this study, we noticed that the whole egg weight was

statistically significant higher (p < 0.05) on 0 day of storage period.

Gradually, with the prolonged exposure on temperature ambience,

the egg weight decreased due to the storage period losses. Same

situation encountered for albumen, which had a significant higher

(p < 0.05) weight for C, E1, E2 compared to E3 and for the first

period of storage. Usually, an egg weight and egg shell thickness

reduction in laying hens subjected to heat stress it can be noticed

(3). Other studies (54) agree that egg weight decreased significantly

with storage time and temperature. A significant loss of weight of

eggs during storage may be a result of the increase of shells? spores

while the egg aged which facilitate the moisture and gases to escape.

The carbon dioxide escapes through the eggshells? pores which

causes a white that becomes watery. In our study, egg yolk weight

was statistically significant higher (p < 0.05) on the 14th and 28th

period of storage, similar with the results obtained by other authors

(55) who noticed that the yolks were heavier through 2 weeks of

heat stress but becoming lighter analyzed at 4-week storage period.

Fennel dietary inclusion (0, 10, or and 20 g/kg of diet) was tested

under 34◦C, and a significant decreasing egg quality, egg weight,

eggshell thickness, eggshell strength, Haugh units, albumen height,

and albumen weight were noticed by Gharaghani et al. (56). In

addition, other authors (57) reported significant decreasing values

of pH under heat stress conditions. The HU parameter decreased

gradually with the lowest value on the 28th day. In another heat

stress study (34◦C for 20 days), a HU score reduction was reported

by −5.6% compared to control group (58). Egg loss parameter is
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TABLE 8 Diet supplementation e�ects with Zn-enriched yeast (1%), parsley (2%), and their combination on serum biochemical profiles under heat stress conditions (weeks 50–53 of age).

Specifica-
tion

Energy-related metabolites Protein-related metabolites Mineral-related metabolites Enzyme-related metabolites

GLU
(mg/dL)

CHOL
(mg/dL)

TG
(mg/dL)

TP
(g/dL)

ALB
(g/L)

TB
(mg/dL)

BUN
(mg/dL)

CR
(mg/dL)

UA
(mg/dL)

P
(mg/dL)

Ca
(mg/dL)

Fe
(ug/dL)

ALT
(U/L)

ALP
(U/L)

GGT
(U/L)

AST
(U/L)

C 178.24 86.02 701.13 1.89 1.40 0.13 0.67 0.32 3.38 4.14 23.85 209.38 9.91 719.60 82.24 87.20

E1 186.54 102.02 979.46 1.94 1.20 0.14 0.41 0.12 4.33 4.07 24.77 212.77 10.32 685.03 74.72 97.24

E2 177.45 87.86 712.52 2.00 1.25 0.13 0.47 0.12 3.17 5.39 21.47 200.56 10.32 674.17 99.90 91.00

E3 172.62 84.66 572.35 1.96 1.50 0.12 0.46 0.12 3.75 3.13 20.78 171.49 8.87 879.29 77.15 84.52

SEM 2.65 4.95 75.56 0.04 0.11 0.00 0.05 0.05 0.33 0.27 0.69 3.81 0.26 35.11 2.89 1.86

Main e�ect

Zn-enriched yeast

Without

Zn-enriched

yeast

177.84 86.94 706.82 1.94 1.33 0.13 0.57 1.94 3.28 3.60a 22.66 204.97 10.12 696.89 91.07a 89.10

With

Zn-enriched

yeast

179.58 93.34 775.91 1.95 1.35 0.13 0.44 1.95 4.04 4.76b 22.78 192.13 9.60 782.16 75.94b 90.88

Parsley

Without

Parsley

182.39 94.02 840.29 1.91 1.30 0.13 0.54 1.91 3.86 4.10 24.31a 211.08a 10.12 702.32 78.48 92.22

With Parsley 175.03 86.26 642.44 1.98 1.38 0.12 0.47 1.98 3.46 4.26 21.13b 186.02b 9.60 776.73 88.52 87.76

p-value

Zn-enriched

yeast

0.75 0.53 0.65 0.96 0.91 0.66 0.17 0.96 0.26 0.04 0.94 0.11 0.33 0.24 0.02 0.64

Parsley 0.18 0.44 0.21 0.41 0.73 0.19 0.43 0.41 0.56 0.78 0.04 0.01 0.33 0.31 0.10 0.25

Zn-enriched

yeast∗parsley

0.23 0.35 0.19 0.58 0.31 0.40 0.20 0.58 0.79 0.06 0.57 0.05 0.09 0.11 0.21 0.04

C—conventional diet; E1—C+1% yeast; E2—C+2% parsley; E3—C+1% yeast and 2% parsley; data are presented as mean ± SEM; a-b means with different superscripts differ significantly (p < 0.05); glucose (GLU), cholesterol (CHOL), triglyceride (TG), total

protein (TP), albumin (ALB), total bilirubin (TB), urea nitrogen (BUN), creatinine (CR), uric acid (UA), phosphorus (P), calcium (Ca), iron (Fe), alanine aminotransferase (ALT), alkaline phosphatase (ALP), gamma glutamyl transferase (GGT), and aspartate

aminotransferase (AST).
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TABLE 9 E�ect of diet supplementation by Zn-enriched yeast (1%), parsley (2%) and their combination on hematological values under heat stress

conditions (weeks 50–53 of age).

Specification HCT (%) LEUK (%) HET (K/µL) LYM (K/µL) MON (K/µL) EOS (K/µL)

C 21.17 12.47 5.80 6.37 0.36 0.15

E1 24.67 12.67 5.71 6.58 0.24 0.15

E2 23.33 12.33 5.35 6.87 0.22 0.12

E3 25.40 15.12 6.60 7.77 0.34 0.53

SEM 0.501 0.388 0.145 0.217 0.051 0.017

Main e�ect

Zn-enriched yeast

Without Zn-enriched

yeast

22.25b 12.40 5.57 6.62 0.290 0.137

With Zn-enriched yeast 25.03a 13.89 6.12 7.17 0.290 0.336

Parsley

Without parsley 22.92 12.57 5.75 6.47 0.300 0.239

With parsley 24.37 13.73 5.92 7.32 0.280 0.137

p-Value

Zn-enriched yeast 0.012 0.069 0.387 0.215 1.000 0.000

Parsley 0.164 0.151 0.409 0.064 0.846 0.000

Zn-enriched yeast∗

parsley

0.483 0.111 0.638 0.431 0.252 0.000

C—conventional diet (C); E1–C+1% yeast; E2–C+2% parsley; E3–C+1% yeast and 2% parsley; data are presented as mean ± SEM; means within a column sharing different superscript are

significantly different at: p < 0.05 or p < 0.001; hematocrit (HCT), leukocyte (LEUK), heterophyle (HET), lymphocyte (LYM), monocyte (MON), and eosinophil (EOS).

regarded as an important index of egg quality. Most studies carried

out on egg storage conditions considered that egg weight loss

gradually increased during storage and laying hens’ age; therefore,

egg quality deterioration is caused by CO2 and water losses in

albumen through eggshells’ pores (59). Concerning egg mass loss,

similar results were obtained by other authors (60), who found

that after 16 days of storage period a 2.65 % egg weight loss was

registered, after 26-day storage period a 3.93 % egg weight loss was

registered, and again after 31-day storage period a 4.72% egg weight

loss was noticed. According to the previous results, Jones et al. (61)

stored unwashed eggs at room temperature and experienced 4.5 to

5.5% weight loss each month.

4.5. E�ects of heat stress exposure on yolk
color evolution

The intention of parsley dietary inclusion was mainly to

mitigate heat stress negative effects on laying hens but using this

ingredient came in conjunction with a more intense yolk coloring

on E2 and E3 groups. It is well known that egg yolk is an important

consumer criteria and using coloring natural sources, inexpensive

and easy available with high antioxidants properties could be

the optimum solution for obtaining a more intense color (59).

Therefore, in our study, egg yolk color intensification was achieved

by dietary inclusion of parsley. The main egg yolk color parameters

evaluated were lightness (L∗), redness (a∗), and yellowness (b∗). It

was difficult to find similar studies on parsley to compare the results

of our study with previous studies. However, there are authors (60)

that found that a 1.5% parsley supplementation into laying quail

diets resulted on a high coloration score of 11.3 on Hoffman La

Roche scale.

4.6. E�ects of dietary ingredients on TBARS
values from egg yolk

Our results demonstrated that egg yolk TBARS values were

statistically significant reduced (p < 0.05) during the 2nd and

the 3rd experimental week by the addition of Zn-enriched yeast,

parsley, and the mixture of the two ingredients. The antioxidant

effects of parsley and Zn-enriched yeast influenced significant (p

< 0.05) the TBARS values compared to C group, reducing the

lipid degradation process of eggs stored at room temperature after

being initially exposed to heat stress. Several studies conducted

on laying hens and their response to different levels of heat

stress by adding dietary ingredients to alleviate it (50, 61)

demonstrated that high levels of oxidative products inside the

birds’ body will increase simultaneously in eggs composition.

Thring et al. (62) suggested that phytogenic plant mode of

action is capable of directly scavenging the stress-related ROS

production, the pro-oxidant enzymes including lipoxygenase and

NADPH oxidase.
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4.7. E�ects of heat stress on serum
biochemical and hematological profiles

In our study, heat stress exposure had little effect on

serum biochemical and hematological parameters except for

Ca, Fe, GGT, HCT, and HET parameters. These results could

be a physiologic evidence that biochemical and hematological

parameters could normalize under prolonged heat exposure

as animal thermoregulatory response (63). Other authors (64)

observed an improvement on serum biochemical traits in broiler

chicken when added parsley leafs. Usually, the increased number of

white blood cells is seen as a response to bacterial infection. The

increased EOS concentration registered on E3 group and also, HET

increased concentration on C and E1 groups could be caused by the

handling excitement. Thrall et al. (65) stated that blood collection

process usually results in a physiologic leukocytosis which increases

the concentration of HET and LYM in the peripheral blood, so

not necessarily an inflammation process. Studies (66) found that

exposure to a continuous heat stress (34.5 for 14 days of 22-day-

old broiler) determined significant damage to LYM proliferation

ion and differentiation which can cause immune abnormalities. In

our experimental results, the UA registered a higher value on E1

group but without statistical significance (p > 0.05). Some authors

(67) found that an increasing UA level can ameliorate free radicals

and suppress lipid peroxidation. Contrary to our results, Omran

(68) observed that HCT values decreased in heat stressed animals

most probably due to erythrocytes destruction or hemodilution.

Some authors (69, 70) noticed on 6-week-old male broilers that

acute heat stress increases the Ca2+ in lymphocytes, knowing that

calcium ions play an essential function in lymphocytes’ activation

and maturation. In general, the concentration of serum minerals

(Mg, Ca, and P) is low, during heat stress, especially when the

diets also are poor in these minerals, impairing the absorption and

digestion of nutrients (48). Richmond and Mackley (71) stated that

parsley has the ability to improve the cell immunity; therefore, the

health status is enhanced.

5. Conclusion

Study limitation was represented by the experimental time

period (4 weeks) in which the poultry had to resist at a

permanent hall temperature settled at 34±1◦C, during the entire

experimental trial (24/24 h). We used 32 laying hens/group taking

into consideration to avoid using a larger number of poultry

respecting the 3Rs the main rule (replacement, reduction, and

refinement), as stated in the EU Directive 2010/63/UE, which

allows us to minimize animal distress and maintain animal welfare

but being aware that the temperature is an essential/vital factor

poultry welfare.

The results showed that the positive effects of Zn-enriched

yeast and parsley, as single dietary inclusion or their combination,

sustained egg production, egg mass and egg weight parameter

performances, and egg quality during the heat stress study. The

two additives demonstrated their antioxidant capacity by delaying

the lipid peroxidation during different storage time periods. Taking

into consideration the findings obtained from this heat stress

study, we can design a nutritional strategy based on inclusion

levels experimented within this study, in heat stress conditions,

using affordable and efficient solutions to alleviate heat stress

in laying hens. Further studies on laying hens are requested to

experiment same ingredients, higher inclusion levels during heat

stress conditions.
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39. Lipiński K, Mazur M, Antoszkiewicz Z, Purwin C. Polyphenols in monogastric
nutrition–a review. Ann Anim Sci. (2017) 17:41–58. doi: 10.1515/aoas-2016-0042

40. Al-Mamary M. Antioxidant activity of commonly consumed vegetables in
Yemen.Malays J Nutr. (2002) 8:179–189.

41. Kouimska L, Chrpová D, Novy P, Pánek J. The effect of concentration on the
antioxidant activity of selected culinary herbs. J Med Plants Res. (2013) 7:766–71.
doi: 10.5897/JMPR12.638
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The effects of Moringa peregrina 
seed meal, autoclaving, and/or 
exogenous enzyme cocktail on 
performance, carcass traits, meat 
quality, and blood lipids of broilers
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Mohamed F. Elgandy 1 and Fulvia Bovera 2

1 Department of Agriculture, Faculty of Environmental Sciences, King Abdulaziz University, Jeddah,  
Saudi Arabia, 2 Department of Veterinary Medicine and Animal Production, University of Napoli Federico 
II, Napoli, Italy

The effects of Moringa peregrina seed meal (MPSM), autoclaving, and/or enzyme 
cocktail addition on performance, profitability, carcass traits, meat quality, and 
blood lipids of broilers between 1 and 35 d of age were investigated. Seven 
experimental diets were employed: the control 0% MPSM, 10% raw MPSM, 
10% autoclaved MPSM (at a temperature of 120°C and 1  kg/cm2 pressure for 
30  min), 10% raw MPSM supplemented with enzymes at 0.1 or 0.2  g/kg feed, 
and 10% autoclaved MPSM supplemented with the same previous enzymes and 
doses. Each diet was fed to 8 replicates with 5 broilers in each. At the end of the 
experiment, 3 broilers from each replicate were randomLy chosen to determine 
carcass traits, meat quality, and blood lipids. Findings at 35 d of age indicated that 
all 10% raw MPSM treatments with or without enzymes addition impaired growth, 
feed conversion (FCR), and profitability (p < 0.05), but increased feed intake 
(p < 0.05) and did not affect mortality when compared with the control group. The 
10% autoclaved MPSM treatments with or without enzymes addition increased 
feed intake (p < 0.05) when compared with the control group, inducing growth 
equal to the control group (p > 0.05), and improving FCR and profitability. Enzymes 
addition to raw MPSM did not produce positive effects (p < 0.05), and no additive 
effect was observed when autoclaving and enzymes addition were combined 
(p > 0.05) as compared to the autoclaving group. Carcass traits, meat quality, and 
blood lipids were not significantly affected by MPSM, autoclaving, and enzymes 
addition. However, intestine, cecum, and gizzard percentages increased (p < 0.05) 
with all 10% raw MPSM treatments, while all 10% autoclaved MPSM treatments 
could return these values (p > 0.05) to the control group, except with gizzard, 
which exhibited less improvement. Additionally, all autoclaved groups had lower 
meat pH measured 24 h postmortem (p <0.05) compared to the control group. 
In conclusion, autoclaved MPSM can be included in broilers’ diets at a 10% level 
without negative effects on performance, carcass traits, meat quality, and blood 
lipids. This indicates that autoclaving alone is adequate.
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Moringa peregrina seed meal, autoclaving, enzyme cocktail, broilers, performance, 
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1. Introduction

The global search for new ingredients such as agricultural 
by-products for poultry feed has intensified due to the scarcity the 
conventional feedstuffs resources resulting from the limitations of 
water and suitable lands for crop production in arid and semi-arid 
lands, as well as the effects of crises such as the COVID-19 epidemic 
and the recent war between Russia and Ukraine. Furthermore, the 
increase in the population and thus the increased needs for poultry 
production, which is an important source of animal protein, are also 
contributing factors. In this regard, Moringa tree products could 
be  used as ingredient in animal feeds. Also, it is noteworthy that 
Moringa products contain bio-active substances that can promote 
growth (1). Humans have used different plants products as food and 
medicine for centuries. Similarly, Moringa-derived natural medicinal 
products have also been used as additives for farm animals’ feed (2).

Moringa peregrina (MP) is a tropical tree of the family Moringacea 
originating in Asia and Africa (3, 4). It has a wide geographic range, 
growing sporadically from the Dead Sea area to northern Somalia 
and inside the Arabian Peninsula to the mouth of the Arabian Gulf 
(5–8). In Jordan, MP grows naturally in Wadi Feynan, Southern 
Jordan, and the Dead Sea area (9). In most countries, the Moringa 
oleifera (MO) species from the Moringaceae family is commercially 
cultivated. In this family, MP is the second-most economically 
significant species (10), with the exception that it has high importance 
in the Kingdom of Saudi Arabia as it is considered a native tree. 
However, MP has received little attention for its chemical and 
nutritional properties when compared to MO (2, 11–13). Generally, 
the use of Moringa species in medicine, food, and water purification 
is well known (14–16). Thus, using MP as an effective and bioactive-
rich ingredient to create fortified food products is of the utmost 
importance (16). Regarding its characteristics, MP measures 20 to 
40 cm in diameter and a maximum of 7 to 12 m in height with long 
pods that hold 15 to 20 seeds. It is locally known as Al-Yassar or 
Al-Ban (6). The seeds have important nutritional, medicinal, and 
economical values; for instance, the extracted seed oil is used for 
cooking, and the intact seeds are used as ingredient in human food, 
such as cookies (17) and wheat bread (18, 19), and as laxatives and 
medicine in livestock feed (20). In addition to the histological 
observations, the evaluation of biochemical parameters has 
demonstrated the safety of these seeds for human consumption (4). 
However, studies have rarely evaluated the protein function 
characteristics, chemical composition, fatty acids composition, 
medicinal uses, and physicochemical characteristics of MP seeds. In 
this context, MP seeds have a high level of protein (24.1%), high 
levels of essential amino acids, some vitamins, and minerals (21), and 
high amount of oil, ranging from 42% to 54% (4).

MP has recently gained popularity, and some published studies 
have investigated its pharmacological activities (22), ability to boost 
immune defense (23), action against multidrug-resistant bacterial and 
fungi strains (24), and higher resistance to pests and diseases (25). In 
this regard, a study conducted by Al-Dabbas (26) investigated the 
antioxidant activity of the leaves and seeds of MP using different 
extracts and concluded that they are highly effective for this purpose. 
Similar results were reported about the high contents of total phenolic 
and total flavonoids in MP leaves (3, 27). It is noteworthy that MP 
seeds oil contains 33 compounds that have antioxidant activities; thus, 
it can be used as an alternative to synthetic antioxidants; in this regard, 

geijerene was identified as the most abundant compound (33.38%), 
followed by lonalool (23.36%), caryophyllene oxide (19.28%), 
n-hexadecane (12.59%), and carvacrol (1.89%) (28). On the other 
hand, Koheil et al. (14) reported high activity of MP seeds ethanolic 
and aqueous extracts in scavenging free radicals. Furthermore, 
previous studies have demonstrated that MP seeds and leaves have 
antidiabetic properties and are used in folk medicine to treat 
diabetes (4).

However, the main product derived from MP seeds is oil. MP seed 
meal (MPSM) is the by-product produced after the oil extraction from 
the seeds, and it has a high nutritional value and is a promising source 
of various nutrients (27, 29). MPSM contains 93.7% dry matter, 57.1% 
crude protein, 2.1% crude oil, 6.17% ash, and 34.7% carbohydrates. 
Moreover, it contains 127 Ca, 742 K, 23.1 Na, and 225 Mg mg/100 g of 
macro-elements, also contains 19.5 Fe, 1.48 Cu, and 6.14 Zn mg/100 g 
of micro-elements. Additionally, protein solubility, as an indirect 
measurement of protein digestibility, was greater in MPSM than 
soybean meal (30). On the other hand, it was found that MPSM 
contains more oil than soybean meal but less carbohydrates, protein, 
and ash (9, 30, 31).

However, it is noteworthy that the industrial use of MP seeds and 
meal for human consumption is limited due to the bitter taste (21). On 
the other hand, it was noted that MPSM contains antinutritional 
agents such as high fibers (non-starch polysaccharides, NSPs); also, 
phytic acid, tannins, oxalate, alkaloids, phenols, lectins, saponins, 
cyanogenic glucosides, and chlorogenates; additionally, enzymes 
inhibitors such as (α-amylase, trypsin, and α-chymotrypsin 
inhibitors). These antinutritional agents have negative effects on the 
digestion and utilization of the feed which finally reflect passively on 
the animal performance (29, 32–36).

It is noteworthy mentioning that the presence of antinutritional 
agents, also, limits the use of corn and soybean meal-based poultry 
feeds (37, 38) or shrub-based poultry feeds (39). In this regard, it is 
very important remembering that antinutritional agents are found in 
the most, if not all, the ingredients used for poultry feeding. However, 
the inverse effects of these antinutritional agents depend on their 
amount and composition in the ingredient/feed and, in turn, their 
existing in the digestive system of the animal.

Nonetheless, heating the seeds (cooking, roasting, autoclaving) 
or subjecting them to biochemical procedures (soaking, germination, 
fermentation) induced significant reduction in antinutrient agents 
(40). In this regard, the antinutritional agents in black rice were 
typically reduced or rendered inactive, which also improve protein 
digestibility when subjected to thermal treatments (41). 
Furthermore, Al-Harthi et al. (42) found that applying autoclaving 
technique on untraditional ingredient such as whole Prosopis 
juliflora pods meal (WPPM) which was included in the diet of laying 
hens at 30% could improve the performance to the level of the 
control group. They attributed this to the role of autoclaving in 
weakening the chemical bonds of fiber (NSPs), starch, and protein 
components in WPPM, and overcoming the negative antinutritional 
effects by reducing the content, at least, of some substances that 
cause these negative effects. This, in turn, improved digestion 
processes and gut ecology, resulting in higher utilization of feed. 
Also, studies have demonstrated that the processing of watermelon 
seed flour and sesame seeds by soaking, germination, boiling, and 
roasting could enhance their nutritional value and quality 
characteristics, such as color, flavor, texture, antioxidant properties, 
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and shelf life (43, 44). It is noteworthy, to date, most studies that have 
investigated the effects of soaking, germination and boiling on the 
antinutritional agents have either been conducted on MO or other 
types of plants (44).

Nowadays, exogenous enzymes such as amylase, cellulase, 
xylanase, pectinase, α-galactosidase, β-glucosidase, arabinase, 
protease, lipase, and phytase or their mixture are being applied 
extensively to improve the utilization of feed for livestock 
production. This is due to their similar mode of autoclaving/
pelleting actions, thus helping to overcome antinutritional agents 
and improve digestion processes and gut ecology, leading to better 
utilization of nutrients which, in turn, improving production and 
health of broilers and laying hens (42, 45–49). Therefore, the use of 
enzyme cocktail that contains carbohydrases and proteases is 
claimed to improve protein, energy, Ca, and P utilization by broilers 
(50, 51). Using exogenous enzymes that target NSPs, indigestible 
compounds, might help endogenous digestion by attacking the cell-
wall-encapsulated nutrients in poultry diets (49, 52–54). Recently, 
the addition of enzyme cocktail that acts on NSPs, proteins, and 
phytates to corn and soybean meal-based diets to improve energy 
availability for broiler chickens has received significant attention due 
to its critical role in the degradation of previous nutrients in the 
intestinal tract. Alqhtani et al. (49) ascertained that appropriately 
adjusting dietary metabolizable energy and employing enzyme 
cocktail for NSPs degradation could improve the commercial 
benefits for producers. On the other hand, when corn-with-cobs 
meals in 2 forms (mash or pellets) with and without enzyme cocktail 
addition were included in broilers’ diets, the addition of enzyme 
cocktail improved feed utilization and growth performance, 
demonstrating an additive effect of enzyme cocktail addition over 
pelleting to the extent that their modes of action were 
comparable (55).

However, there are still conflicting results regarding the beneficial 
effects of enzyme cocktail addition on poultry performance, which 
could be attributed to dietary composition, type and age of chicks, 
type of enzyme/s, the dose given, and the duration of usage, 
highlighting the need for further research (42, 45–48, 56).

It is noteworthy, to date, most previous studies have investigated 
MO seed meal as ingredient in poultry feeds. However, to the best of 
our knowledge, the previous studies have not discussed the use of 
MPSM as ingredient in poultry feeds. Therefore, this study is of the 
utmost importance to clarify the possibility of using this by-product 
in broiler chicken’s feed.

On the other hand, it is worth mentioning that Moringa oleifera 
seed meal was used in the previous studies within the range from 0.1% 
to 20% in the diets of broilers, laying hens, and Japanese quail, and the 
most recommendations were between 5% and 10% (57–67). Although 
it was used successfully at 8.5% and 28% levels in the diets of bocourti 
catfish (Pangasius bocourti) and African catfish (Clarias gariepinus) 
fingerlings when compared to the control groups, respectively (68, 69). 
Therefore, the 10% level was used in this study. On the other hand, due 
to the weakness of the digestive system of broilers, especially between 
1 and 21 d of age (70, 71), in addition to the expected antinutritional 
agents in the MPSM as previously mentioned, autoclaving and 
exogenous enzyme cocktail addition techniques were also applied in 
this study.

Ultimately, this study aimed to assess the effectiveness of using 
MPSM, autoclaving, and/or enzyme cocktail addition on the 

performance, profitability, carcass traits, lymphoid organs, physical 
and chemical meat quality, and blood lipid metabolites of broiler 
chickens between 1 and 35 d of age.

2. Materials and methods

2.1. Ethical approval

This study was conducted at the Hada Al-Sham Research 
Station, Faculty of Environmental Sciences, King Abdulaziz 
University, Jeddah, Saudi Arabia. The research included two parts: 
The first part was the evaluation of MPSM chemical composition. 
The second part was the feeding experiment that was carried out on 
280-1-d-old Ross-308 unsexed broiler chickens. For the feeding 
experiment, the methodology was verified by the Committee of the 
Agriculture Department, King Abdulaziz University, regarding the 
regulations of the scientific research ethics on living creatures. 
Which controls the rights and welfare of animals according to the 
Royal Decree No. M/59 dated 24/8/2010, and institutional approve 
code ACUC-22-1-2.

2.2. Feedstuff and chemical analyses

The MP seeds were purchased from Al-Madinah Al-Munawwarah 
area in Saudi Arabia. The seeds were mechanically pressed, as a cold 
press, for oil extraction at approximately 40°C, and the by-product 
MPSM was ground into powder (particle size 0.5 mm); then, it was 
kept in bags until proximate chemical composition analyses, including 
moisture (934.01), crude protein (954.01), ether extract (920.39), 
crude fiber (978.10), ash (942.05), neutral (NDF, 2002:04) and acid 
(ADF, 989.03) detergent fibers, and acid detergent lignin (ADL, 
973.18), calcium (927.02), and phosphorus (964.06) were done 
following the methods of the Association of Official Analytical 
Chemists (AOAC) (72).

Furthermore, hemicellulose, nitrogen-free extract (NFE), and 
organic matter (OM) contents were calculated as follows:

Hemicellulose content = NDF – ADF.
NFE content = [100 - (moisture + crude protein + ether extract + 

crude fiber + ash)].
OM content = [100 - (moisture + ash)].
The apparent metabolizable energy (AME) value was calculated 

according to Nascimento et al. (73):
AME = 4,101.33 + 56.28 ether extract  − 232.97 ash − 24.86 

NDF + 10.42 ADF.

2.3. Feeding trial

The feeding assay was carried out using 280 Ross-308 unsexed 
broiler chickens from 1 to 35 d of age. The broilers were divided into 
7 experimental treatments diets (8 replicates per treatment, with 5 
broiler chickens per replicate), and housed in metal cages of 
1 × 1 m × 60 cm dimensions equipped with 1 tube feeder and 1 nipple 
waterer each. The chickens were offered 7 experimental mash diets: 
the control group (the 1st group) was fed a diet free of MPSM, while 
the other 6 groups fed on diets that included 10% MPSM. In particular, 

68

https://doi.org/10.3389/fvets.2023.1158468
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Al-Harthi et al. 10.3389/fvets.2023.1158468

Frontiers in Veterinary Science 04 frontiersin.org

the 2nd group was fed a diet containing 10% raw MPSM, the 3rd 
group was fed a diet containing 10% autoclaved MPSM (at a 
temperature of 120°C and 1 kg/cm2 pressure for 30 min), the 4th and 
5th groups were fed diets containing 10% raw MPSM supplemented 
with Rovabio Advance PHY T enzyme cocktail at 0.1 and 0.2 g/kg 
feed, respectively. Finally, the 6th and 7th groups were fed diets 
containing 10% autoclaved MPSM supplemented with the previous 
enzyme cocktail and at the same doses. Enzyme cocktail was added to 
1 kg feed, and appropriately mixed by small mixer, then this 1 kg feed 
was added to the total quantity of the feed per treatment which was in 
a large mixer. The total quantity of feed for each treatment was 160 kg 
(which means 16 or 32 g enzyme cocktail addition) to ensure that the 
feed will be  more than enough to complete the experiment at 35 
d of age.

Rovabio Advance PHY T is an enzymatic cocktail that consists of 
20 enzymes, 17 enzymes of them act on NSPs, 2 enzymes act on 
proteins, and phytase enzyme. However, the producing company 
provides the activity of the main enzymes, while the remainder 
enzymes are given the definition “present or existent.” Thus, these are 
the activities of the main enzymes, endo-1,4-b-xylanase 12,500 VU/g, 
endo-1,3(4)-b-glucanase 8,600 VU/g, 6-phytase 10,000 FTU/g, endo-
1,4-B-glucanase (cellulase) > 1,200 DNS U/g, arabinofuranosidase 
≥46,000 ABF U/g. It is produced by Adisseo Company, France. The 
recommended dose is 100 g/ton of feed.

The chemical analysis of MPSM is presented in Table 1, while the 
dietary composition and nutrient profiles of the experimental diets are 
presented in Table 2. The diets were isonitrogenous and isocaloric and 
formulated according to the National Research Council (NRC) (74). 

The water and feed were provided ad libitum for the whole period of 
the experiment.

Broiler chickens were raised per standard veterinary prescriptions 
and husbandry conditions. They were provided with a 23:1 h light–
dark cycle, and brooding temperatures were 33, 30, 27, and 24°C 
during the first, second, third, and then the fourth and fifth weeks of 
age, respectively, with 60% relative humidity.

2.4. Measured criteria

The chicks were weighed based on replicate at 1 (45 ± 2 g), 21, and 
35 d of age, and feed intake was also estimated. Feed intake, body 
weight gain, feed conversion rate (FCR), and mortality rate were 
calculated using the replicate as the experimental unit. Profitability 
was calculated using (75):

European Broiler Index (EBI) = (daily weight gain per chicken in 
gm × survival rate, %) / (feed conversion rate × 10).

At 35 d of age, 2 broilers from each replicate, representing all 
treatment groups, were randomLy chosen, and slaughtered by Islamic 
method after being fasted overnight. One broiler from each replicate 
was used to measure carcass characteristics, where the carcass and the 
inner and lymphoid organs were separated, weighed, and expressed 
as a ratio of live body weight. From the slaughtered broilers, 2 breasts 
from each replicate were using for physical meat quality 
measurements, while 1 breast and 1 leg from each replicate were 
using for chemical meat quality measurements. The physical 
characteristics such as color and pH (measured 24 h postmortem) 
and shear force were determined following Qaid et al. (76). The color 
values were gauged by the CIELAB Color System L* (lightness), a* 
(redness), and b* (yellowness), using Chromameter (model CR-400; 
Konica Minolta, Tokyo, Japan). The meat pH values were measured 
using a microprocessor pH meter (model pH 211, Hanna 
Instruments, Woonsocket, RI, United States). The shear force values 
were determined using Texture Analyzer (TA-HD; Stable Micro 
Systems, Godalming, United Kingdom, equipped with a Warner-
Bratzler shear blade, which was set at the maximum cutting speed of 
200 mm per min, kg/f). Water holding capacity (WHC) was 
determined using the method of Qaid et  al. (76) with a simple 
modification as follows:

WHC = 100 – [(prepressed meat weight − post-pressed meat 
weight) / (prepressed meat weight) × 100].

The chemical meat analyses, including moisture, crude protein, 
ether extract, and ash of the mixed meat (50% breast and 50% thigh) 
were carried out according to AOAC (72). Glycogen content was 
calculated as follows:

Glycogen content = 100 – (moisture + protein + ether 
extract + ash).

All physical and chemical meat quality measurements were done 
on two samples from each replicate, and the average was calculated.

Additionally at 35 d of age, 8 broilers from each treatment (1 
broiler from each replicate) were used to collect blood samples. The 
samples were collected from the brachial vein (5 mL) and transferred 
into heparinized tubes. Then, plasma was separated by blood 
centrifugation at 3,000 × g for 15 min at 4°C and stored at −20°C until 
the analyses of the plasma lipid metabolites were done. The blood lipid 
components (total triglycerides, total cholesterol, total lipids) were 

TABLE 1 Chemical composition of Moringa peregrina seed meal.

Component As-fed basis, %

Moisturea 2.92

Crude proteina 25.3

Ether extracta 9.04

Crude fibera 20.1

Neutral detergent fibera 41.5

Acid detergent fibera 29.8

Acid detergent lignina 14.3

Asha 3.56

Caa 0.25

Pa 0.58

Hemicelluloseb 11.7

Nitrogen free extract, (NFE)b 39.1

Organig matter, (OM)b 93.5

Apparent Metabolizable energy, (AME, kcal/

kg)b

3,060

aDetermined.
bCalculated.
Hemicellulose content was calculated as follows = neutral detergent fiber − acid detergent 
fiber.
NFE content was calculated as follows = [100 − (moisture + crude protein + ether 
extract + crude fiber + ash)].
OM content was calculated as follows = [100 − (moisture + ash)].
AME was calculated, according to Nascimento et al. (73) as: AME = 4,101.33 + 56.28 EE – 
232.97 Ash – 24.86 NDF + 10.42 ADF, (3,060 kcal/kg).
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determined by colorimetric methods using commercial diagnostic kits 
(Diamond Diagnostics Company, United States). According to the 
following methods, glycerol phosphate oxidase/p-aminophenazone 
(GPO-PAP) for total triglycerides, cholesterol oxidase/p-
aminophenazone (CHOD-PAP) for total cholesterol, and sulfo-
phospho-vanillin (SPV) for total lipids.

2.5. Statistical analysis

Data were analyzed by the GLM procedure (77), using one-way 
analysis of variance (ANOVA), considering the replicate as the 
experimental unit. The means comparison was done using the Least 
Significant Difference (LSD), and the value of p  <  0.05 was 
considered significant. The percentages data were transformed by 
arcsin (x/100) to improve the normality of data distribution 
before analysis.

3. Results

3.1. MPSM chemical composition

As shown in Table  1, the proximate chemical composition of 
MPSM (as-fed basis, %) contained 2.9 moisture, 25.3 crude protein, 
9.04 ether extract, 20.1 crude fiber, 41.5 NDF, 29.8 ADF, 14.3 ADl, 3.56 
ash, 0.25 calcium, 0.58 phosphorus, 11.7 hemicellulose, 39.1 NFE, 93.5 
OM, and 3,060 kcal/kg AME. The composition of the diets is illustrated 
in Table 2.

3.2. Feed intake, weight gain, FCR, and EBI

The effects of raw MPSM, autoclaved MPSM, and/or enzymes 
supplementation on performance and EBI of broiler chickens during 
the first period (1–21 d), the second period (22–35 d), and the overall 
period (1–35 d) of age are shown in Tables 3–6.

The dietary treatments had no effect on daily or accumulative feed 
intake (Table 3) during the first 21 d of age (p > 0.05), but they had a 
significant effect (p = 0.0001) on daily or accumulative feed intake 
during the second (22–35 d) or the whole period (1–35 d) of age 
(p < 0.05). It was observed that the inclusion of 10% raw MPSM in the 
diet increased feed intake during 22–35 d (22.8%) and 1–35 d (16.2%) 
of age when compared to the control. 10% autoclaved MPSM had an 
additive effect on the 10% raw MPSM diet, inducing a significant 
increase (p < 0.05) in feed intake during 22–35 d (18.5%) and 1–35 d 
(15.6%) of age.

During 22–35 d or 1–35 d of age, supplementing the 10% raw 
MPSM diet with enzymes did not increase feed intake when 
compared to the 10% raw MPSM diet. The enzymes treatments of 
the raw MPSM did not have an effect better than that of the 10% 
raw MPSM diet, or better than or even equivalent to the effect of 
autoclaved treatment. Additionally, no dose dependence was noted 
either with the 0.1 or 0.2 g/kg diets during the second and overall 
periods of age. Furthermore, the enzymes treatments had no 
additive effect when combined with autoclaved MPSM during the 
previous periods when compared with autoclaved MPSM 
treatment alone.

Overall, the dietary treatments had a significant (p = 0.0001) effect 
on the daily and accumulative weight gain of the broilers during 1–21 
d, 22–35 d, and 1–35 d of age (Table 4).

When compared to the control, the 10% raw MPSM diet impaired 
growth during the different periods of age. Autoclaved MPSM 
treatments with or without enzymes addition improved growth rate 
significantly (p < 0.05) when compared to 10% raw MPSM treatments 
with or without enzymes supplementation, leading to an increase in 
daily and accumulative weight gain during the different periods of age. 
Moreover, in the case of autoclaved MPSM treatments, the broilers 
demonstrated similar weight gain to the control group during the 
22–35 d and 1–35 d of age.

Supplementing the 10% raw MPSM diet with enzymes at both 
doses (0.1 and 0.2 g/kg diets) did not increase daily or accumulative 
weight gain when compared to the 10% raw MPSM diet during 1–21 
d, 22–35 d, and 1–35 d of age. Like the case of feed intake, the addition 
of enzymes to the 10% raw MPSM diet did not have a positive effect 
comparable to autoclaving on daily and accumulative weight gain, and 
no dose dependence was observed with the 0.1 and 0.2 g/kg diets 

TABLE 2 Composition of the dietsa.

Ingredient As-fed basis, %

Moringa peregrina seed meal 0.00 10.0

Corn 53.9 48.0

Soybean meal, 48% 35.9 31.7

Dical phosphate 1.80 1.76

Carbonate calcium 1.20 1.19

Sodium chloride 0.30 0.30

Permixb 0.30 0.30

DL-methionine 0.16 0.20

L-cystine 0.04 0.08

L-lysine ------ 0.14

Vegetable oil 6.40 6.33

Total 100 100

Determined and calculated analysis, %

Dry matterc 90.8 91.1

ME, kcal/kgd 3,200 3,200

CPc 22.0 22.0

Methionined 0.50 0.50

Methionine + cystined 0.90 0.90

Lysined 1.20 1.20

Ether extractc 8.81 9.38

Linoleic acidd 4.98 4.86

Crude fiberc 2.59 4.30

Ashc 2.95 2.96

Cad 1.00 1.00

Available phosphorusd 0.45 0.45

aDiets were composed according to NRC (74).
bThe premix provides the following per kilogram of diet: vitamin A 1,700 IU, vitamin D3 
7,200 ICU, vitamin E 20 mg, vitamin K 3 mg, vitamin B1 3 mg, vitamin B2 5 mg, niacin 
50 mg, pantothenic acid 12 mg, vitamin B6 4 mg, biotin 125 mg, folic acid 1.5 mg, vitamin 
B12 1.5 mg, choline 1,500 mg, manganese 80 mg, zinc 60 mg, iron 90 mg, iodine 0.40 mg, 
copper 10.00 mg, selenium 0.20 mg, cobalt 0.15 mg.
cDetermined.
dCalculated.
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during the different periods of age. Additionally, no additive effect on 
daily and accumulative weight gain was observed when autoclaving 
and enzymes were combined during the different periods of age, 
indicating that autoclaving alone was adequate. Nonetheless, the 

dietary treatments had no negative effect on the broilers’ survival rate 
over the entire experiment.

The dietary treatments had a significant effect (p = 0.0001) on the 
FCR values during the different periods of age (Table 5). FCR was the 

TABLE 4 The effect of Moringa peregrina seed meal, autoclaving and/or enzyme supplementation on growth rate (daily and accumulative weight gain 
per chicken), and survival rate of broiler chickens during 1–21, 22–35, and 1–35 d of age.

Observations 
treatments

Daily 
weight 

gain 
1–21 d, g

Accumulative 
body weight 

1–21 d, g

Daily 
weight 

gain 22–
35 d, g

Accumulative 
body weight 
22–35 d, g

Daily 
weight 

gain 
1–35 d, 

g

Accumulative 
body weight 

1–35 d, g

Survival 
rate 1–35 
d age, %

0% MPSM, the control 

diet
33.3a 699a 66.9a 936a 46.7a 1,635a 100

10% raw MPSM 21.0c 441c 46.0b 644b 31.0b 1,086b 100

10% autoclaved 

MPSM
27.7b 581b 70.9a 993a 45.0a 1,574a 100

10% raw MPSM + EC 

0.1 g/kg diet
20.6c 432c 46.2b 646b 30.8b 1,079b 100

10% raw MPSM + EC 

0.2 g/kg diet
22.8c 479c 49.8b 698b 33.6b 1,177b 100

10% autoclaved 

MPSM + EC 0.1 g/kg 

diet

26.8b 563b 66.9a 937a 42.9a 1,502a 100

10% autoclaved 

MPSM + EC 0.2 g/kg 

diet

26.9b 565b 67.2a 941a 43.0a 1,505a 100

SEM 1.20 25.1 3.32 44.4 1.62 56.9 -

p-value 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 -

MPSM, Moringa peregrina seed meal; EC, enzyme cocktail; SEM, standard error of mean; Means within a column not sharing similar superscripts are significantly different (p <  0.05).

TABLE 3 The effect of Moringa peregrina seed meal, autoclaving and/or enzyme supplementation on feed intake (daily and accumulative feed intake 
per chicken) of broiler chickens during 1–21, 22–35, and 1–35 d of age.

Observations 
treatments

Daily feed 
intake 

1–21 d, g

Accumulative 
feed intake 1–21 

d, g

Daily feed 
intake 

22–35 d, 
g

Accumulative 
feed intake 22–35 

d, g

Daily feed 
intake 

1–35 d, g

Accumulative 
feed intake 1–35 

d, g

0% MPSM, the control 

diet
44.5 935 101c 1,414c 67.3c 2,349c

10% raw MPSM 47.7 1,002 124b 1,736b 78.2b 2,738b

10% autoclaved MPSM 52.7 1,107 147a 2,058a 90.4a 3,165a

10% raw MPSM + EC 

0.1 g/kg diet
44.5 935 128b 1,792b 77.9b 2,727b

10% raw MPSM + EC 

0.2 g/kg diet
46.6 979 132b 1,848b 80.7b 2,827b

10% autoclaved MPSM + 

EC 0.1 g/kg diet
51.1 1,073 150a 2,100a 90.7a 3,173a

10% autoclaved MPSM + 

EC 0.2 g/kg diet
53.0 1,113 148a 2,072a 91.0a 3,185a

SEM 4.03 84.7 4.76 66.7 3.17 110

p-value 0.153 0.153 0.0001 0.0001 0.0001 0.0001

MPSM, Moringa peregrina seed meal; EC, enzyme cocktail; SEM, standard error of mean; Means within a column not sharing similar superscripts are significantly different (p <  0.05).
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best with the control group and the worst with the 10% raw MPSM 
diet group during all periods of age. On the other hand, autoclaving 
improved FCR (p < 0.05) when compared to the 10% raw MPSM diet 
through all the periods of age.

Supplementing the 10% raw MPSM diet with enzymes did not 
improve FCR when compared to the 10% raw MPSM diet during the 
different periods of age. Enzymes treatments were less effective than 
autoclaving on FCR, and no dose dependence was observed with 0.1 
and 0.2 g/kg diets during all periods of age. Moreover, the addition of 
enzymes had no additive effect on FCR when autoclaving and 
enzymes were combined compared to the 10% autoclaved MPSM diet 
during all the periods of age, indicating that autoclaving alone 
was adequate.

Dietary treatments had a significant effect (p = 0.0001) on EBI 
values during all periods of age (Table  6). Like observations 
regarding the FCR, the best EBI was recorded with the control 
group, and the worst was noted in the 10% raw MPSM diet group 
through all the periods of age. Autoclaving had an additive effect 
on the 10% raw MPSM diet, improving EBI during all different 
periods of age.

Supplementing the 10% raw MPSM diet with enzymes did not 
improve EBI when compared to the 10% raw MPSM diet during the 
different periods of age. Additionally, no dose dependence with the 
0.1 and 0.2 g/kg diets was observed through the different periods of 
age. Moreover, when autoclaving and enzymes were combined, no 
additive effect on EBI values were recorded when compared to the 
10% autoclaved MPSM diet during all periods of age, indicating that 
autoclaving alone was adequate.

3.3. Carcass traits and immune organs

Tables 7, 8 present the effect of raw MPSM, autoclaved MPSM, 
and/or enzymes supplementation on the relative weights of dressing, 
inner organs, and immune organs to the live body weight of broiler 
chickens at 35 d of age. The previous treatments had no significant 
effect (p > 0.05) on the most ratios of carcass traits and all ratios of 
lymphoid organs. However, feeding 10% raw MPSM with or without 
enzymes supplementation resulted in significantly higher ratios 
(p < 0.05) of the intestine, cecum, and gizzard to live body weight 
when compared to the control group. On the other hand, including 
10% autoclaved MPSM with or without enzymes addition in broilers’ 
diets eliminated these negative effects on the intestine, cecum, 
(p > 0.05) and, to some extent, on the gizzard when compared with 
the control group. Again, this reinforces that autoclaving alone 
is adequate.

3.4. Physical quality of breast meat

Table 9 shows the effect of raw MPSM, autoclaved MPSM, and/or 
enzymes supplementation on the physical quality of breast meat of the 
broiler chickens at 35 d of age. MPSM, autoclaving, and enzymes 
treatments had no effect on the color characteristics, WHC, and shear 
force parameters. However, compared to the control group, feeding 
broilers 10% autoclaved MPSM with or without enzymes 
supplementation significantly lowered the pH of breast meat (p < 0.05).

3.5. Chemical quality of breast and thigh 
meat

The effect of raw MPSM, autoclaved MPSM, and/or enzymes 
supplementation on the chemical quality of mixed breast and thigh 

TABLE 6 The effect of Moringa peregrina seed meal, autoclaving and/or 
enzyme supplementation on European Broiler Index (EBI), (daily weight 
gain per chicken in gm × survival rate, %)/(feed conversion rate × 10) of 
broiler chickens during 1–21, 22–35, and 1–35 d of age.

Observations 
Treatments

EBI 1–21 
d

EBI 22–
35 d

EBI 1–35 
d

0% MPSM, the control diet 249a 443a 324a

10% raw MPSM 92.5c 170c 123c

10% autoclaved MPSM 146b 343b 225b

10% raw MPSM + EC 

0.1 g/kg diet
95.4c 167c 122c

10% raw MPSM + EC 

0.2 g/kg diet
112bc 188c 140c

10% autoclaved MPSM + 

EC 0.1 g/kg diet
140b 299b 203b

10% autoclaved MPSM + 

EC 0.2 g/kg diet
137b 306b 203b

SEM 14.4 25.5 13.4

p-value 0.0001 0.0001 0.0001

MPSM, Moringa peregrina seed meal; EC, enzyme cocktail; SEM, standard error of mean; 
Means within a column not sharing similar superscripts are significantly different (p <  0.05).

TABLE 5 The effect of Moringa peregrina seed meal, autoclaving and/or 
enzyme supplementation on feed conversion rate (daily feed intake per 
chicken/daily weight gain per chicken) of broiler chickens during 1–21, 
22–35, and 1–35 d of age.

Observations 
treatments

Feed 
conversion 
rate 1–21 d

Feed 
conversion 
rate 22–35 

d

Feed 
conversion 
rate 1–35 d

0% MPSM, the 

control diet
1.34c 1.51c 1.44c

10% raw MPSM 2.27a 2.70a 2.52a

10% autoclaved 

MPSM
1.90b 2.07b 2.00b

10% raw MPSM + 

EC 0.1 g/kg diet
2.16ab 2.77a 2.53a

10% raw MPSM + 

EC 0.2 g/kg diet
2.04ab 2.65a 2.40a

10% autoclaved 

MPSM + EC 0.1 g/

kg diet

1.91b 2.24b 2.11b

10% autoclaved 

MPSM + EC 0.2 g/

kg diet

1.97ab 2.20b 2.12b

SEM 0.123 0.132 0.100

p-value 0.0001 0.0001 0.0001

MPSM, Moringa peregrina seed meal; EC, enzyme cocktail; SEM, standard error of mean; 
Means within a column not sharing similar superscripts are significantly different (p <  0.05).
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meat of broiler chickens at 35 d of age is presented in Table 10. 
However, all the previous treatments had no significant effect 
(p > 0.05) on water, protein, fat, ash, and glycogen content of the 
broilers’ meat.

3.6. Blood lipid profiles

The effect of raw MPSM, autoclaved MPSM, and/or enzymes 
supplementation on blood lipid components of the broilers at 35 d of 

age is displayed in Table 11. Total triglycerides, total cholesterol, and 
total lipids were not significantly affected (p > 0.05) by the 
different treatments.

4. Discussion

4.1. MPSM chemical composition

The proximate chemical analysis of MPSM (Table 1) clarifies that 
it is a beneficial source of nutrients for animals, particularly regarding 
the dry matter, crude protein (CP), ether extract, ash, NFE, OM, and 
AME, although it contains high fiber, NDF, ADF, and ADL. Generally, 
these results align with the previous studies on MPSM (9, 10, 16, 30, 
31). Furthermore, its nutrient profiles are similar to those of other 
Moringa species (31, 78, 79). In general, Moringa seed meal has 
nutrient profiles that are better than that of corn but not as rich as that 
of soybean meal, this is because it contains higher amounts of oil, 
protein, amino acids, sterols, and polyunsaturated fatty acids when 
compared with the corn (9, 30, 31, 79–81). However, the chemical 
analysis of MPSM used in this study demonstrates that it contains 
better amounts of nutrients than soybean meal (CP 48.5%), except for 
protein content, where soybean meal contained 88% dry matter, 1.5% 
ether extract, 27.7% NFE, 81.6% OM, and 2,350 AME (kcal/kg), (82). 
In line with this trend, similar results were reported about the higher 
contents of the previous nutrients in MPSM than soybean meal 
(CP 48.5%), with seeds collected from another area in Saudi Arabi, 
from Makkah area, and MPSM was obtained by cold press, as done in 
the present study. This MPSM contained 95.79% dry matter, and as 
dry matter contained, 27.15% CP, 9.94% ether extract, 30.96% NFE, 
96.07% OM, and 3,505 AME (kcal/kg), which was determined by 
force feeding trial, using 16-wk-old White Leghorn roosters (83). It is 
worth mentioning that AME content (3,505 kcal/kg) is higher than 

TABLE 7 The effect of Moringa peregrina seed meal, autoclaving and/or enzyme supplementation on dressing and inner organs ratio to live body 
weight of broiler chickens at 35 d of age.

Observations 
treatments

Dressing, % Intestine, % Cecum, 
%

Abdominal 
fat, %

Gizzard, 
%

liver, % Heart, % Pancreas, 
%

0% MPSM, the control 

diet

69.4 1.52b 0.322b 0.395 1.28c 2.29 0.576 0.303

10% raw MPSM 63.2 3.01a 0.462a 0.347 2.47a 2.22 0.713 0.298

10% autoclaved 

MPSM

68.2 2.84ab 0.399ab 0.329 1.99b 2.01 0.602 0.272

10% raw MPSM + EC 

0.1 g/kg diet

64.2 3.14a 0.461a 0.324 2.53a 2.37 0.682 0.316

10% raw MPSM + EC 

0.2 g/kg diet

68.0 3.13a 0.427a 0.287 2.29ab 2.02 0.618 0.265

10% autoclaved 

MPSM + EC 0.1 g/kg 

diet

68.0 2.85ab 0.417ab 0.296 2.17ab 2.28 0.580 0.252

10% autoclaved 

MPSM + EC 0.2 g/kg 

diet

67.8 2.97ab 0.399ab 0.330 2.32ab 2.14 0.572 0.263

SEM 7.40 0.231 0.035 0.087 0.136 0.450 0.099 0.045

p-value 0.126 0.0009 0.014 0.501 0.0001 0.273 0.345 0.106

MPSM, Moringa peregrina seed meal; EC, enzyme cocktail; SEM, standard error of mean; Means within a column not sharing similar superscripts are significantly different (p <  0.05).

TABLE 8 The effect of Moringa peregrina seed meal, autoclaving and/or 
enzyme supplementation on immune organs ratio to live body weight of 
broiler chickens at 35 d of age.

Observations 
treatments

Spleen, % Bursa, %

0% MPSM, the control diet 0.078 0.170

10% raw MPSM 0.089 0.164

10% autoclaved MPSM 0.083 0.229

10% raw MPSM + EC 0.1 g/kg 

diet
0.090 0.190

10% raw MPSM + EC 0.2 g/kg 

diet
0.083 0.232

10% autoclaved MPSM + EC 

0.1 g/kg diet
0.077 0.189

10% autoclaved MPSM + EC 

0.2 g/kg diet
0.085 0.132

SEM 0.013 0.038

p-value 0.891 0.191

MPSM, Moringa peregrina seed meal; EC, enzyme cocktail; SEM, standard error of mean.
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that calculated by the equation of Nascimento et al. (73) in this study. 
However, this higher value could be attributed to the age and sex of 
the animal used in the previous trial (16-wk-old adult Single-Comb 
White Leghorn roosters), also to the amount and ingredient used 
(30 g, MPSM only). Zelenka (84) reported that AME values were 
directly proportional with broilers age (between 12 and 56 d); on the 
other hand, lower values of AME were noted with increasing feed 
intake of female chickens (85). It is noteworthy that AME values can 
be also affected by different factors such as strain/type (meat or layer), 
diet composition, the inclusion level of specific ingredient, and 
passage rate through the digestive system (85, 86).

On the other hand, it was noted that the whole MP seeds contain 
97.6% dry matter, 24.1% CP, 53.5% ether extract, and 2.6% ash (21), 
meaning that the MPSM has a chemical composition similar to the 
whole seed, except for oil content. Ultimately, these values indicate, 
generally, that Moringa seeds and meal are beneficial as food and feed. 

It is worth mentioning that differences in the chemical composition 
values of Moringa among different studies, if found, can be attributed 
to the type of Moringa species (peregrina or oleifera), the part of the 
plant used (seeds, pods, leaves, meal), the environmental conditions 
and agricultural management of Moringa trees, with emphasis, in the 
case of the meal, on the way of its production (cold or hot extraction).

4.2. Feed intake, weight gain, FCR, and EBI

The results regarding performance (feed intake, weight gain, and 
FCR), and EBI for the first period (1–21 d) indicated that the amount 
of feed consumed did not differ significantly among all groups, while 
there were significant differences in the growth rate among these 
groups. In this regard, the control group demonstrated the best growth 
rate (p  <  0.05), and this can be  attributed to the quality of the 

TABLE 9 The effect of Moringa peregrina seed meal, autoclaving and/or enzyme supplementation on physical breast meat quality of broiler chickens at 
35 d of age.

Observations 
treatments

Color 24 h postmortem pH 24 h 
postmortem

Water holding 
capacity, %

Shear force, 
kg/f

L A B

0% MPSM, the control diet 60.0 8.32 4.48 5.55a 69.3 1.74

10% raw MPSM 63.0 7.55 3.52 5.45ab 63.7 1.66

10% autoclaved MPSM 65.1 5.13 2.24 5.37b 62.7 1.67

10% raw MPSM + EC 0.1 g/kg 

diet

63.2 5.75 3.59 5.45ab 63.7 1.54

10% raw MPSM + EC 0.2 g/kg 

diet

60.6 6.67 2.96 5.47ab 65.8 1.58

10% autoclaved MPSM + EC 

0.1 g/kg diet

63.7 6.32 2.87 5.40b 63.7 1.77

10% autoclaved MPSM + EC 

0.2 g/kg diet

65.3 8.19 3.84 5.39b 62.5 1.74

SEM 2.99 1.30 0.997 0.330 3.38 0.210

p-value 0.087 0.095 0.604 0.0006 0.777 0.236

MPSM, Moringa peregrina seed meal; EC, enzyme cocktail; SEM, standard error of mean; Means within a column not sharing similar superscripts are significantly different (p <  0.05).

TABLE 10 The effect of Moringa peregrina seed meal, autoclaving and/or enzyme supplementation on chemical breast and thigh meat quality of broiler 
chickens at 35 d of age.

Observations 
treatments

Meat content as fresh basis, %

Water Protein Fat Ash Mainly glycogena

0% MPSM, the control diet 73.7 21.2 4.03 0.955 0.166

10% raw MPSM 72.6 19.9 6.38 0.970 0.199

10% autoclaved MPSM 73.3 20.4 5.19 0.940 0.223

10% raw MPSM + EC 0.1 g/kg diet 72.8 20.1 6.09 0.953 0.177

10% raw MPSM + EC 0.2 g/kg diet 73.1 20.9 4.81 0.984 0.188

10% autoclaved MPSM + EC 0.1 g/

kg diet

72.9 20.8 5.13 0.970 0.201

10% autoclaved MPSM + EC 0.2 g/

kg diet

72.9 20.7 5.07 0.966 0.200

SEM 2.31 0.959 1.14 0.037 0.049

p-value 0.600 0.673 0.532 0.413 0.434

aGlycogen content was calculated as follows = [100 – (contents of water + protein + fat + ash)]; MPSM, Moringa peregrina seed meal; EC, enzyme cocktail; SEM, standard error of mean.
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consumed feed, thus enabling broilers to benefit from its nutrients to 
a great extent. However, groups fed 10% autoclaved MPSM with or 
without enzymes addition recorded better growth rate (p < 0.05) than 
groups fed 10% raw MPSM with or without enzymes addition. 
Additionally, groups fed 10% raw MPSM with or without enzymes 
addition recorded similar growth rate (p > 0.05). These findings can 
be explained by the antinutritional agents found in the raw MPSM 
(which will be discussed below), and the weakness of the broilers’ 
digestive system during this stage (70, 71). FCR and EBI values 
behaved the same trend, which was the best with the control group, 
followed by the autoclaved MPSM groups, and then the raw 
MPSM groups.

During the second period (22–35 d) the feed consumption of all 
groups fed on MPSM increased significantly (p  <  0.05) than the 
control group. This might be to compensate their requirements of 
energy and protein, and the maturity of the digestive system during 
this stage (70, 71). However, all groups fed autoclaved MPSM 
consumed more amount of feed than those groups on the raw MPSM, 
which can be attributed, undoubtedly, to the role of autoclaving. This 
effect was achieved, mostly, by weakening or dismantling the chemical 
bonds of MPSM, especially the antinutritional agents as NSPs (crude 
fiber, NDF, ADF, and ADL), and might be the other components in 
MPSM such as starch and protein. This consequently induced 
overcoming or reducing the negative effects of antinutritional agents 
and, in turn, improved digestion processes and gut ecology that 
resulted in greater utilization from the MPSM (42). The positive effect 
of autoclaving technique on laying hens fed whole dried eggs was 
previously evidenced, where laying rate, egg mass, and FCR were 
improved comparable to the control group (87).

On the other hand, the higher feed intake by groups fed autoclaved 
MPSM with or without enzymes addition during this period (22–35 

d) induced a similar growth rate as the control group (p > 0.05). 
However, this was not the case with FCR and EBI, which were lower 
(p < 0.05) with autoclaved groups than the control group.

It is noteworthy that the negative effects of feeding raw MPSM 
with or without enzymes addition persisted during this period (22–35 
d); in this regard, these groups did not benefit from the increase in 
feed intake as the autoclaved MPSM groups did. Where they exhibited 
lower performance than the control and autoclaved groups in growth 
rate, FCR, and EBI. Also, the enzymes addition to the raw MPSM 
groups did not improve the performance when compared with group 
fed on raw MPSM without enzymes addition.

Overall, the results for the entire period (1–35 d) indicated that 
the groups fed 10% raw MPSM were negatively impacted in all 
previous criteria (weight gain, FCR, and EBI) when compared with 
the control group (p < 0.05), except for feed intake, which was higher 
(p < 0.05) than the control group. Moreover, the results demonstrated 
that using autoclaving technique could reduce these negative effects 
to the extent that these groups achieved weight gain comparable to the 
control group (p > 0.05). Of course, this was achieved by the 
compensation which happened through the second period (22–35 d) 
with these groups fed autoclaved MPSM. However, FCR and EBI 
values of groups fed on autoclaved MPSM still lower than the control 
group. Additionally, the results determined that adding enzymes to 
10% raw MPSM at both doses (0.1 and 0.2 g/kg diets) did not help in 
alleviating these negative effects resulting from using 10% raw MPSM 
when compared to the control or even autoclaved MPSM groups 
(p < 0.05). Furthermore, combining the autoclaving and enzymes did 
not lead to better results than using autoclaving alone (p > 0.05).

Unexpectedly, the addition of the enzymes did not help in 
improving the utilization of the diets that contained raw MPSM. The 
enzyme cocktail used in this study contained a variety of active 
enzymes, and it has been expected to target multiple components in 
the feed, producing a greater effect than using an individual enzyme 
that targets a single substrate, inducing an increase in nutrients 
release; consequently, more nutrients will be available for absorption 
and utilization (49, 88).

However, several aspects should be  clarified about the role of 
exogenous enzymes and their effects on the utilization of the diets. 
These aspects are very likely the reasons for the conflicting results 
regarding the benefit of adding enzymes to feeds in the previous 
studies (42, 45, 47, 48, 56, 89–91).

These aspects can be summarized in the relationship among three 
important factors: (1) the chemical composition of the ingredient used 
in the feed; (2) the specifications of the beneficiary animal; and (3) the 
specifications and functions of the exogenous enzymes used. The 
following is a brief elucidation of each factor. The first factor involves 
the composition and amount of the antinutritional agents found in the 
ingredient used and its inclusion level in the feed, for example the 
MPSM used here. In this regard, antinutritional agents, as previously 
mentioned are: (1) NSPs; (2) phytate, tannins, oxalate, alkaloids, 
phenols, lectins, saponins, cyanogenic glucosides, chlorogenates; and 
(3) enzymes inhibitors such as (α-amylase, trypsin, and 
α-chymotrypsin inhibitors). It might be  said that there are 3 
classifications of antinutritional agents.

These antinutritional agents, generally, impair the processes of 
feed digestion and utilization in the digestive system, by preventing 
the endogenous enzymes from doing their actions through forming 
viscosity, decreasing bile salt secretion, and inhibiting the digestive 

TABLE 11 The effect of Moringa peregrina seed meal, autoclaving and/or 
enzyme supplementation on blood lipid components of broiler chickens 
at 35 d of age.

Observations 
treatments

Total 
triglycerides, 

mg/dL

Total 
cholesterol, 

mg/dL

Total 
lipids, 
mg/dL

0% MPSM, the 

control diet

181 197 525

10% raw MPSM 177 194 507

10% autoclaved 

MPSM

178 201 489

10% raw MPSM + 

EC 0.1 g/kg diet

180 201 499

10% raw MPSM + 

EC 0.2 g/kg diet

175 199 511

10% autoclaved 

MPSM + EC 0.1 g/kg 

diet

176 200 499

10% autoclaved 

MPSM + EC 0.2 g/kg 

diet

178 205 557

SEM 5.25 11.1 32.3

p-value 0.449 0.488 0.173

MPSM, Moringa peregrina seed meal; EC, enzyme cocktail; SEM, standard error of mean.
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system enzymes such as α-amylase, α-glucosidase, trypsin, 
α-chymotrypsin, and lipase from the binding with reactive sites in 
villus. They, also binding with nutrients and minerals in the feed 
forming complex compounds that cannot be absorbed by the villus. 
Moreover, they can harm the structure and function of the lining cells 
of the digestive system. Consequently, this leading to reduction in 
starch, fat, protein, and minerals absorption, animal performance, and 
finally might induce disease symptoms regarding indigestion (47, 
49, 92–97).

The second factor involves the specifications of the animal that 
will benefit from these exogenous enzymes, including its type, age, and 
the husbandry circumstances under which the animal is tested 
(environmental conditions such as temperature, humidity, space, 
ventilation, etc.). The third factor involves the specifications and 
functions of the exogenous enzymes used (single or blended enzymes, 
method of production “from bacteria or fungi,” level of acidity in 
which it/they potently operate, level of appropriate addition, duration 
of usage).

It is well known that the commercial enzymes that are used in 
animals’ feeds usually including (carbohydrases, proteinases, and 
lipases) which act on starch, protein, fat, and “NSPs, the first 
classification of antinutrient agents” in the ingredient/feed, which 
means that they act on the first classification of antinutrients (NSPs). 
Nonetheless, these exogenous enzymes might include in their 
enzymatic mixture 2 or 3 other enzymes (phytase, glucosidase, and if 
found, tannase) that can act on the some substances in the second 
classification of antinutrients (phytates, glucosides, and tannins, 
respectively). However, the important question remains: do these 
exogenous enzymes work on other substances belong to the second 
classification? Moreover, do these exogenous enzymes act on the 
third classification?

Overall, these exogenous enzymes do not work on the most 
substances in the second classification of antinutrients and all 
antinutrients in the third classification. Furthermore, the enzymes 
inhibitors in the ingredient used in this study (MPSM) or any other 
ingredient, might block exogenous enzymes too, as is the case with 
endogenous enzymes (95). This means that partial or complete 
paralysis of these exogenous enzymes may occur, and this might 
be the reason behind the absence of the positive effect from these 
exogenous enzymes used in this study, in specific, on MPSM and, in 
general, on the traditional ingredients in the feed as corn and soybean 
meal, that represent about 80% of the diet composition that 
contains MPSM.

However, returning to the role of exogenous enzymes, one of the 
reasons for not activating their benefit in this study, especially 
regarding their expected role, might be the weakness of the dose used, 
noting that the dose recommended by the producing company was 
applied (0.1 g/kg diet), and the double dose (0.2 g/kg diet) was also 
applied in this study. It seems that these recommended doses might 
be only effective with conventional ingredients that are used in poultry 
feeds, as corn and soybean meal, and especially with barley and wheat 
that have, to some extent, higher contents of fibers.

However, very high doses of exogenous enzymes might 
be required in the case of using untraditional ingredients that have 
higher complexity in their chemical composition, which reduces the 
benefit gained from their nutrients. In line with this trend, Alkassar 
and Alkassar (98) noted significant improvements in feed intake, 
weight gain, and FCR with broiler chickens fed on wheat/barley-based 

diets, during the three stages of age (1–21 d, 22–42 d, and 1–42 d), 
when they used high doses of Rovabio Excel enzyme cocktail, that 
produced by the Penicillium funiculosum Pf strain, 8/403 (IMI 
378536). It is produced by Adisseo Company, France. Where they 
used the following additions, 1.25, 2.5, 3.75, and 5 g/kg diet, although 
the recommended dose by the producing company is from 0.05 to 
0.50 g/kg diet. On the other hand, it was suggested that higher doses 
of phytase enzyme can be employed if the ingredient’s phytate content 
was high to obtain the positive effect (90), especially that the increase 
in fibers content of any ingredient is associated with an increase in 
phytic acid (99). However, another study reported a reduction in the 
relative weight of the pancreas to the live body weight when α-amylase 
enzyme was added to the feed, indicating internal adaptation of the 
enzyme secretion to the amount of exogenous enzyme added and the 
dissociation of the targeted substrate in the feed inside the intestinal 
lumen (100). Similar results were reported where the secretion of 
pancreatic amylase and proteases (trypsin and chymotrypsin) 
decreased when chicks were fed diets that included amylase and 
protease (101), and this might present yet another challenge.

The groups of broilers that fed on 10% autoclaved MPSM with or 
without enzymes addition were the ones that benefited from the 
consumed feed during the second period (22–35 d) among all groups 
that fed on MPSM. This confirms that the positive influence of the 
autoclaving technique was the strongest, through its mechanism 
which previously mentioned. Consequently, these broiler chickens 
had an increased capability to deal and benefit from the MPSM/feed, 
as the amount of feed intake, and as the endogenous mechanical and 
chemical actions, ending with better absorption and utilization of 
nutrients in the MPSM, which can be noted through FCR values when 
compared with groups fed raw MPSM. Thus, these groups could 
achieve growth rate similar to the control group during this period 
(22–35 d), but not better.

However, adding exogenous enzymes at both doses to 10% 
autoclaved MPSM did not give better performance than using 
autoclaving alone. These results ascertained the previous suggestion, 
mentioned above, that the positive effect on the amount and utilization 
of feed intake was attributed to autoclaving, through its effect on the 
first classification of antinutrient agents, rather than its effect on the 
second and third classifications of antinutrient agents. This assumption 
is confirmed by the absence of the additive effect of the exogenous 
enzymes when used with autoclaving. A question here can be asked, 
how these enzymes can work alone to improve diet utilization and 
broilers performance, while they failed to do this when combined with 
autoclaving? This was very clear when enzyme cocktail was added to 
raw MPSM and did not give any improvement in broilers performance, 
albeit simple, when compared to those fed raw MPSM without 
enzymes addition. These findings ascertain that the antinutritional 
agents, especially, those regarding the second and third classifications 
“through their role as enzymes inhibitors” that present in the raw 
MPSM blocked the actions of endogenous and exogenous enzymes 
(95). However, although not seen in this study, the positive effect of 
autoclaving on reducing or impairing the second and third 
classifications of antinutritional agents has been reported in the 
previous studies (42, 102–104). This might be  explained by the 
differences in the application of autoclaving technique (temperature 
degree and exposure duration), the nature of the ingredient used 
regarding the chemical (starch, NSPs, protein, fat, minerals), and 
might be, the physical composition (form/size of particles), types and 
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levels of antinutritional agents that are existent, the inclusion level 
used in the feed, and finally the animal specifications and 
circumstances of the experiment that were applied on the animal 
(type, age, and experimental conditions). It can be said that the results 
of any parameter are dependent on the factors that the experiment was 
subjected to, in other words, the complete design of the experiment.

It is worth remembering that traditional feed ingredients that 
usually used for poultry (corn and soybean meal) are treated in a 
similar way to autoclaving before using them in animal feed, through 
heat processes such as extruding or chemical solvents, so that they can 
be optimally utilized by the poultry.

Interestingly, autoclaving helped, to some extent, solve the problem; 
however, it did not eliminate it completely. This is evident by the fact 
that if the negative effects resulting from all kinds of antinutritional 
agents were eliminated completely, the growth rate of these 3 groups 
that fed on 10% autoclaved MPSM with or without enzymes addition 
would have been better than the control group based on the amount of 
feed they consumed, which was significantly more than the control. This 
is what the FCR values demonstrate when comparing these 3 
autoclaving groups with the control group. On the other hand, all the 
previous effects of growth rate and FCR values were reflected on the EBI 
values. However, no mortality was observed throughout the entire 
period of the experiment, indicating that the raw MPSM is safe at a 10% 
level, regarding mortality but not performance.

Ultimately, it seems that the continuous use of thermal techniques 
should be applied in different ways such as autoclaving, microwaving, 
and boiling, employing different periods and temperature degrees 
with or without enzymes addition at different doses. Additionally, 
involving soaking, fermentation, germination, and milling processes 
in such techniques is highly important. In other words, scientists must 
research this subject extensively by testing all the possible ideas that 
were previously mentioned. This can be done by testing each technique 
alone using different ways, such as experimenting with autoclaving 
with different durations and heating, and the same can be done with 
microwaving, boiling, etc. Then, they can combine different techniques 
in every possible way, aiming to reach the best solution in terms of 
time and cost. Of course, all these suggestions and plans should 
be  built on the background knowledge that researchers have 
established in this field. Moreover, it should be  known that each 
untraditional or by-product ingredient needs special treatment, taking 
in the account all factors that are involving in the experiment design. 
This is of the utmost importance for using such untraditional 
ingredients, which has become a critical issue because of many factors 
such as population increase, disasters, crises, increasing prices of 
traditional fodders and transportation and insurance, and the 
expectation of climatic change, etc. Particularly, each area has some 
plants that suit its environment and can be relied upon, even if within 
certain limits.

Furthermore, it might be useful for commercial companies, if 
possible, to think about producing chemical substances that can deal 
with antinutritional agents, with emphasis on the second and third 
classifications, by alleviating their adverse effects, and such substances 
can be added alongside commercial enzymes. This can reduce time 
and cost compared to using normal methods such as thermal 
processes, soaking, germination, fermentation, and milling.

The review by Mukherjee et al. (105) encourages this direction, 
where it is was noted that when soybean meal was fermented by fungi 

or bacteria, the fermentation by Aspergillus induced the production of 
enzymes such as hemicellulase, hydrolase, pectinase, protease, 
amylase, lipase, and tannase, with focusing on the tannase enzyme 
that is usually not found in exogenous enzymes and can degrade 
gallotannins and ellagitannins, the 2 types of hydrolyzable tannins 
(tannins are one of the substances in the second classification of 
antinutrient agents), ending with producing glucose and gallic or 
ellagic acid. Additionally, using fungi and bacteria (Bacillus subtilis, 
Lactobacillus plantarum, and Bifidobacterium lactis) for fermentation 
reduced phytate and trypsin inhibitor (substances found in the second 
and third classifications of antinutrient agents, respectively), increased 
small-size peptides (< 15 kD), and promoted the release of amino 
acids. Moreover, the fermentation by bacteria strains was better than 
fungi, and this was attributed to the fact that fungi grow slower than 
bacteria. However, the previous researchers concentrated on some 
complex factors that affect the efficacy of the fermentation, including 
solid or submerging fermentation, the microorganism used (fungi or 
bacteria), and the levels of various nutritional components in the 
soybean meal. Moreover, Bijina et al. (95) mentioned some possible 
solutions for producing exogenous enzymes that can be  used in 
feedstuffs and cannot be negatively affected by some of these enzymes’ 
inhibitors found in the ingredients/feeds. These suggested solutions 
depend on choosing the suitable type and strain of the microorganism 
(fungi or bacteria) to produce commercial proteases that can 
be resistant to specific proteases inhibitors that are found in specific 
plant/s. Generally, all these findings should seriously encourage 
commercial companies to seek suitable solutions to deal with these 
antinutritional agents which might help for using untraditional 
ingredients more effectively and at higher levels.

4.3. Carcass traits and immune organs

Generally, the relative weights of the carcass traits and immune 
organs demonstrate higher values for the intestine, cecum, and gizzard 
in groups fed 10% raw MPSM with or without enzymes addition when 
compared to the control group (p < 0.05). This could be attributed to 
the development of the muscles, mucosa layer, intestine length, and 
villus height of the digestive system as a result of the digestive system’s 
need to deal with higher fibers content, and also to their complex 
chemical composition (NDF, ADF, and ADL in MPSM), necessitating 
the need for greater mechanical strength to digest and move the 
digesta from one organ to another through the digestive system (106, 
107). These results are further supported by the reduced values 
observed in the 10% autoclaved MPSM groups with or without 
enzymes addition. As mentioned before about the role of autoclaving 
in weakening/dissociating the chemical bonds of the MPSM 
ingredient, including fibers; thus, this alleviates the mechanical actions 
required for digestion and movement of digesta through the digestive 
system, inducing a decrease in the relative weights of these organs. 
Therefore, no significant differences between the 10% autoclaved 
MPSM groups and the control group were observed, especially with 
the intestine and cecum (p > 0.05) and, to some extent, with the 
gizzard. These results are in line with Bournazel et al. (108) who found 
that the inclusion of rapeseed hulls in broilers’ diets induced higher 
relative gizzard weight at 21 d, while the inclusion of dehulled seeds 
lowered this value; and recommended using a suitable level of fibers 
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to get beneficial effects, but it should not exceed this level to avoid 
negative effects on performance. It is worth noting that fibers can 
improve the beneficial microbial environment of the digestive system 
(106, 107); however, it should be  highlighted that although the 
presence of fibers in the feed can improve digestive system health, 
using them at high levels could lead to negative effects on performance. 
Nonetheless, fibers can be added to the diet to an appropriate extent 
that improves digestive system health provided that keeping 
performance and health of the animal at the normal levels.

On the other hand, it is worthwhile focusing on the review of 
Samtiya et  al. (97), where they reported adverse effects on small 
intestine of rats when purified lectins (one of antinutrients in the 
second classification) from soybean or beans were fed, these effects 
included hypertrophy and damage in the small intestine. This means 
that the negative effects on the digestive system found with groups fed 
on raw MPSM might be attributed to the presence of some substances 
regarding the second classification of antinutrients too. Which gives 
another possibility for explaining these negative effects, “through 
synergistic effect with fibers.” If this is the case, it can be expected that 
the positive effects of autoclaving on fibers led to reduce some of the 
total negative effects of antinutrients (through its effect on NSPs, as 
mentioned above), which could indue similar values compared with 
the control group. Especially that the values of intestine, cecum, and 
gizzard with autoclaved MPSM groups were between the values of the 
control group and raw MPSM groups.

On the other hand, the study of EL-Hak et al. (4), clarified that 
different daily doses of MP dry seeds, which were provided orally to 
rats for 14 d, did not lead to organ toxicity and histopathological 
changes and that they are safe for human use. Thus, this supports the 
previous assumption that the negative effects on the digestive system 
are dependent on all circumstances of the experiment, as 
previously mentioned.

Generally, the findings in this study indicate that including 10% 
autoclaved MPSM in broilers’ diets improved performance and 
profitability without producing negative effects on carcass traits and 
immune organs. This also indicates that applying the autoclaving 
technique alone is adequate.

4.4. Physical quality of breast meat

In general, breast acidity values tended to be lower with groups 
fed on MPSM, proving to be significantly different (p < 0.05) with 10% 
autoclaved MPSM groups with or without enzymes addition 
compared to the control group. Although these differences are minor, 
they indicate the presence of good amounts of glycogen which was 
converted to lactate, especially, through and after slaughter. On the 
other hand, in line with findings in the current study, Cázares-
Gallegos et al. (109) noted lowering in pH values of broilers breast 
meat, aged from 1 to 40 d, when Mexican oregano oil was increased 
in their diets (0, 200, 400, 600, 800, and 1,000 mg/kg diet). They 
attributed this to the role of essential components in the oil, which act 
as antioxidants, by donating hydrogen ions and, in turn, induced 
lower pH values. It is worth remembering that MPSM, used in this 
study, containing 9% oil, which containing 33 antioxidants 
components, as previously mentioned in the introduction (28). Also, 
it is worth mentioning that some of these antioxidant’s components in 

MPSM oil are same to those found in Mexican oregano oil, such as 
carvacrol, α-terpinene, and ɤ-terpinene. Furthermore, it is interesting 
to focus on the effect of MPSM on pH values, where it decreased this 
parameter in all MPSM groups, and was significantly with those 
groups fed on the autoclaved MPSM when compared to the control 
group. These findings again confirming the positive effect of 
autoclaving on the utilization of nutrients in MPSM. However, the pH 
values found here, also indicate that meat acidity of all groups falls 
within the normal range of broiler chickens’ meat pH (5.35–6.04) 24 h 
post-slaughter (110). Moreover, the results showed that the decrease 
in pH values was coincided with a decrease in WHC values and an 
increase in pale color (L*) values, although they were not significant. 
These results are, in general, consistent with previous studies 
(111–115).

On the other hand, the different treatments did not affect shear force 
values, indicating that MPSM, autoclaving, and enzymes addition are 
safe on this parameter too. Hussein et al. (116) reported no significant 
effect on the shear force values (1.18 and 1.30) of broilers raised from 32 
to 48 d of age when enzymes were added (0 vs. 0.5 g/kg) to their diet that 
contained 3,180 kcal/kg. Additionally, Cázares-Gallegos et al. (109) could 
not find significant differences on shear force values when Mexican 
oregano oil was included in the diet of broilers at the levels mentioned 
above, and the values ranged from 1.13 to 1.73. Moreover, similar to the 
findings in this study, using orange pulp that contained 10% fiber in 
broilers’ diets at 50 g/kg between 23 and 42 d of age did not affect color, 
cooking loss, and shear force values, but pH values 24 h post-mortem 
decreased when compared with the control group (117), which was 
attributed to the role of hesperidin antioxidants in the orange pulp 
through its effect on meat oxidative stability. Furthermore, no significant 
effects on physical meat quality were reported when broiler chickens 
between 14 and 21 d of age were fed diets containing distillers dried 
grains with soluble (DDGS) at 20% level as mash, or mash with steam-
heating to 75°C and pelleted, except for a notable effect on lightness (L*) 
values, which were higher with those on the diet that steam-heated to 
75°C and pelleted compared to the control group “the mash group” (118).

4.5. Chemical quality of breast and thigh 
meat

The chemical composition of the mixed breast and thigh meat did 
not differ between the different dietary groups and the control group, 
indicating that the inclusion of 10% raw or autoclaved MPSM, with or 
without enzymes addition had no adverse effects on the meat content 
of water, protein, fat, ash, and glycogen. Similar results were found 
with broilers between 1 and 42 d of age when fed diets containing 0%, 
6%, 12%, 18%, and 24% DDGS, where no significant differences were 
observed in the percentages of fat, protein, and ash of the thigh and 
breast meat (119). On the other hand, Lilly et al. (120) ascertained that 
feeding broilers, between 28 and 42 d of age different levels of protein 
(15.5%, 17.1%, 20.2%, and 22.5%, but the same content of energy 
3,200 kcal/kg) affected the chemical composition of the thigh meat but 
not the breast meat, although body weight gain decreased with 
decreasing protein level in the diets. These researchers noted that the 
fat content was higher, while the protein and water contents were 
lower in the group that was fed the lowest protein level compared to 
the other groups.

78

https://doi.org/10.3389/fvets.2023.1158468
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Al-Harthi et al. 10.3389/fvets.2023.1158468

Frontiers in Veterinary Science 14 frontiersin.org

However, although no significant differences were observed among 
the chemical composition values of the different meat fractions in this 
study, these values indicated a direct correlation between water and 
protein contents in the control group and 10% raw MPSM group, 
which, in turn, inversely affected fat contents of these two groups. The 
direct correlation between water and protein content and their inverse 
effect on fat content are well proven. Additionally, it is worth mentioning 
that although weight gains were significantly different at 35 d of age 
among the different groups in this study, the chemical composition of 
the meat was not affected. This expectation was built upon the negative 
effects of antinutritional agents, found especially in the raw MPSM 
treatments, through their negative effects on the processes of digestion 
and utilization of nutrients found in the raw MPSM, and in the whole 
feed that included MPSM. Where these antinutritional agents can 
interact with the nutrients in the feed (starch, fat, protein, and minerals) 
making them unavailable to the animal. It seems that animal’s body 
chemical composition can adapts with the amount and composition of 
feed intake properly, at least, to some extent (86, 119–122). Knowing 
that, such adaptation was noted with heat-stressed broilers fed diet 
containing triiodothyronine hormone (T3), where adding this hormone 
did not help to compensate its reduction in the broilers blood resulting 
from the heat stress (123). Also, adaptation was noted with broilers fed 
high-fiber diets and their reflection on liver fatty acids composition, 
where this composition was not affected (124).

However, different factors might affect carcass chemical 
composition, including, but not limited to, the amount of feed 
consumption, diet composition, AME:CP ratio, ambient temperature, 
and type and age of broiler chickens (86, 125–127). It seems that these 
effects might be noted only when the tested factor is used at high rate. 
However, the low level used of MPSM (10%) might be the reason for 
not getting an effect. Also, the equal energy and protein content in the 
two diets, used in this study, might played synergistic effect with the 
low level of MPSM for not getting differences in meat chemical 
composition among the different treatments.

Also, it was interesting to note that the glycogen contents did not 
decrease significantly in the groups that fed on 10% autoclaved MPSM 
with or without enzymes addition. These groups had lower acidity, 
meaning that they converted more glycogen to lactate; however, they 
still have a similar amount of glycogen to other groups. This might 
support the positive effect of autoclaving on the utilization of nutrients 
in the MPSM, and might be in the whole feed, as a result of reducing 
antinutrients (NSPs) in the MPSM. Similar findings were reported 
regarding the positive effect of autoclaving on laying hens’ 
performance (42).

4.6. Blood lipid profiles

It is well known that feed composition, medications, genetic 
factors, and enzymes addition all have a significant impact on blood 
lipid components (128, 129). Al-Harthi (47) found an increase in 
blood triglycerides and cholesterol values when olive cake (OC) 
inclusion increased from 0 to 10%, and (48) noted an increase in 
blood triglycerides, cholesterol, and total lipids values when OC 
increased from 0 to 15% in the diets of broilers between 1 and 28 d of 
age. The previous researchers attributed these effects mostly to the 
amount and composition of the soybean oil that was added to the feed 
to achieve the metabolizable energy requirements. These amounts of 

oil ranged from 3.6% in the control diet (0% OC) to 7.0% in 10% OC 
diet, and 8.8% in 15% OC diet. To a lesser extent, the researchers 
related these effects to the amount and composition of the remaining 
oil in the OC used, which ranged from 1.18% to 1.77% in the 10% and 
15% OC diets, respectively. However, the findings of the current study 
indicated no significant differences on blood lipid components 
(triglycerides, cholesterol, total lipids), and this could be explained by 
the similar amount of oil added to the control and MPSM diets.

On the other hand, Al-Harthi et al. (42) suggested some negative 
effects of dietary fibers on lipids utilization. Yolk color score decreased 
when whole Prosopis juliflora pods meal (WPPM) was included in 
laying hens’ diets at 30% level, and fibers contents were 2.3 and 6.6% 
in the control and 30% WPPM diets, respectively, with a difference of 
4.3%. The antinutritional agents contained in fibers increase viscosity, 
preventing the actions of endogenous enzymes, and they also decrease 
lipase and bile salt secretion, which, in turn, decrease dietary fat 
digestion and utilization (42, 92–94, 96, 130). Adding insoluble fibers 
(Arbocel RC Fine, JRS, Rosenberg, Germany; at 0%, 1%, and 2% 
levels) to the diet of young broilers between 7 and 21 d of age reduced 
abdominal fat, liver cholesterol, and blood cholesterol but did not 
affect total liver lipids, blood triglycerides, high and low-density 
lipoprotein, and fatty acids components (mg/g) of the liver (130). 
However, it seems that the effects of fibers on blood lipid components 
are dependent on the levels and types of fibers in the ingredient, the 
inclusion level of the ingredient in the feed, as well as the type and age 
of the animal used. The difference in fibers level between the two diets 
used in this study (1.7%) might be less effective to give an effect on 
blood lipid components.

On the other hand, using phytase enzyme as a single enzyme 
induced a decrease in the blood cholesterol and very-low-density 
lipoprotein (VLDL) values of broilers fed 5 and 10% levels of OC (47), 
as well as the blood cholesterol and triglycerides values decreased with 
10 and 15% OC inclusion (48), when compared to their control groups 
who had the same inclusion levels of OC but without phytase addition. 
The reduction in the blood cholesterol, triglycerides, and VLDL values 
was attributed to the effect of phytase enzyme on lipids absorption and 
metabolism. The phytase enzyme, which was used in both studies (47, 
48) is (Phyzyme XP, Danisco Animal Nutrition, Marlborough, 
United Kingdom, derived from Escherichia coli, and added at the level 
of 1 g/kg diet, which provided 10,000 FUT/kg diet). Phytase enzyme acts 
on the phytate component by releasing Zn, Mn, Cu, Se, Fe, Na, Ca, P, 
and Ca/P balance, which, in turn affect fatty acids absorption and lipids 
metabolism. Furthermore, it is interesting to focus on the composition 
of the multi-enzyme Galzym which was used in the same study (47). 
Galzym contains different enzymes, including the phytase enzyme 
(Galzym is a product of Tex Biosciences (P) Ltd., India, and it is a multi-
enzyme containing cellulase 100,000,000 U/kg, xylanase 1,500.000 U/kg, 
lipase 10,000 U/kg, amylase 125,000 U/kg, protease 15,000 U/kg, 
pectinase 30,000 U/kg, arabinase 7,000 U/kg, phytase 200,000 U/kg, 
α-galactosidase 10,000 U/kg, and β-glucosidase 10,000 U/kg, and added 
at the level of 0.5 g/kg diet). However, although Galzym contains phytase 
enzyme, it did not produce the same effect on blood cholesterol and 
VLDL values as the single phytase enzyme did. To illustrate, Phyzyme 
XP, the single phytase enzyme that was used, provided 10,000 FTU/kg 
diet at an addition level of 1 g/kg diet. In contrast, Galzyme, the multi-
enzyme, provided only 100 FTU/kg diet at an addition level of 0.5 g/kg 
diet. This can be  calculated as follows: 0.5 g (the addition level) X 
200,000 FTU/kg (the concentration of phytase enzyme per kg of the 
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enzymatic mixture) /1,000 g = 100 FTU/kg diet. This might clarify the 
importance of the enzymes addition level for achieving an effect; thus, 
this promotes elevating enzymes addition levels to achieve their effects, 
especially when using ingredients that including high fibers level and 
consequently phytate content, as studies evidenced the association 
between fibers content and phytic acid as previously mentioned. As 
such, the effect of the phytase enzyme in the enzymatic mixture used in 
this study (Rovabio Advance PHY T) on the blood lipid components 
was not found, and this might be attributed to insufficient addition level, 
resulting in a shortage in the enzymatic power to match the complexity 
of the MPSM chemical composition, particularly regarding the amount 
of phytase enzyme. It provided 1,000 and 2000 FTU/kg diet based on 
the addition doses used (0.1 and 0.2 g/kg diet), and the phytase 
concentration in the enzymatic mixture is 10,000 FTU/g. It is very 
important to remember that MPSM, used in this study, includes high 
levels of fiber, NDF, ADF, and ADL. Again, different high doses of multi-
enzyme that include all possible commercial enzymes should be used 
to test the possibility of achieving an effect, if found, on the MPSM 
by-product. It is worth mentioning that OC, which was used in the 
previous studies contained 14.1% crude fiber, which is lower than the 
fiber content in the MPSM (20.1%). Thus, this highlights the need to 
employ a dose of phytase more than the 2000 FTU/kg diet that was used 
in this study. However, the absence of the effects of multi-enzyme on 
blood hematology, protein and its fractions, and lipid components of 
broiler chickens were previously reported (45, 56). Also, EL-Hak et al. 
(4) ascertained no effect of different daily doses of MP dry seed, which 
were given orally to rats for 14 d, on albumin, total protein, insulin, 
creatinine, urea, uric acid, testosterone, follicle-stimulating hormone, 
and luteinizing hormone levels, while blood sugar, cholesterol, 
triglyceride, and liver enzymes levels decreased significantly. Again, it is 
worth remembering that the results among studies might differ 
dependent on the factors that the study was subjected to.

5. Conclusion

Based on the present findings, raw MPSM processed by cold 
press contains high crude protein (25.3%) and apparent 
metabolizable energy contents (3,060 AME Kcal/kg); however, the 
nutrients appear quite limited for the overall growth and 
performance of broilers between 1–35 d of age. The inclusion of 10% 
autoclaved MPSM in broilers’ diets had no negative impact on the 
birds’ final body weight and mortality rate, but the FCR and EBI 
values were still lower than the control group. Generally, carcass 
traits, meat quality, and blood lipids metabolism were unaffected by 
this level of autoclaved MPSM. Poultry producers should limit the 
inclusion level of raw MPSM in broiler chickens’ diets to less than 
10%. Furthermore, it is of great importance to apply other techniques 
such as autoclaving, microwaving, boiling (with different 
temperature degrees and/or durations), soaking, fermenting, 
milling, and adding different exogenous enzymes with varying 
doses, or combining some of these methods to increase the 
utilization and/or the inclusion level of MPSM in broiler chickens’ 
diets. This is required to fully assess the biological value of MPSM as 
a feedstuff. On the other hand, it might be useful for commercial 
companies, if possible, to think about producing chemical substances 
that can deal with antinutritional agents, especially the second and 
third classifications previously mentioned in this study, by alleviating 

their adverse effects, and such substances can be added alongside 
commercial enzymes. Ultimately, this can help reduce time and cost 
compared to using traditional methods only.
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Feedlot finishing of goats is a growing practice, but the economic viability of this 
technology is compromised by the inclusion of ingredients such as corn and 
soybean. An alternative to minimize this barrier is the use of agroindustry coproducts 
as substitutes for those ingredients, such as crude glycerol. This study aimed to 
evaluated the metabolism of crossbred Boer finishing goats fed diets containing crude 
glycerin from biodiesel production. Thirty-two crossbred, castrated goat of age were 
distributed in a fully randomized experimental design with four treatments and eight 
replicates. The experiment lasted 69 days, and goats were fed sorghum silage and 
concentrate, with the inclusion of crude glycerin in the diet at levels of 0, 50, 100, 
and 150 g/kg on a dry matter basis. The diets did not have an effect (p > 0.05) on the 
serum urea levels. Increasing dietary crude glycerin levels did not the influence the 
metabolic or urinary profiles (p > 0.05). The liver tissue of the goats fed diets containing 
the highest crude glycerin inclusion levels showed deleterious effects. The inclusion 
of crude glycerin with approximately 6.6 g/kg methanol caused deleterious effects 
to the liver tissue of Boer crossbred goats as the glycerin concentrations increased. 
However, glycerin levels did not cause deleterious effects on the liver tissue or on the 
serum or urinary profiles. The use of crude glycerin with lower methanol content is 
recommended for goat diets.

KEYWORDS

agricultural byproducts, glycerol, histopathology, liver, methanol

1. Introduction

Feedlot finishing of goats is a growing practice, but the economic viability of this technology 
is compromised by the inclusion of ingredients such as corn and soybean, which have high 
acquisition costs for farmers. An alternative to minimize this barrier is the use of agroindustry 
coproducts as substitutes for those ingredients, such as crude glycerol (a glycerol-rich 
alternative), a coproduct from the production of biodiesel.

Glycerol is a component of normal animal metabolism found in the bloodstream and 
in cells and is easily employed by animal bodies (1), where it can be absorbed directly by 
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the ruminal epithelium, metabolized in the liver, directed to 
gluconeogenesis, and converted into glucose (1–3). Nevertheless, 
glycerol is not used in the animal feed; instead, glycerin, a 
product resulting from the biodiesel process and rich in glycerol 
(1,2,3-propanetriol) and containing other components, such as 
lipids, salts, water, and methanol, is used (4).

In ruminants, glycerol is completely fermented by ruminal 
fermentation to volatile fatty acids, especially propionate and butyrate 
(4–6), which decrease ruminal pH and cause negative effects on 
ruminal microbial protein synthesis, and ruminal fermentation (7).

According to the Brazilian Ministry of Agriculture, Livestock and 
Supply (8), the national glycerin standard for animal feeds is at most 
150 ppm of methanol and at least 80% glycerol. Therefore, 
standardization of the process is essential for the use of glycerin as an 
ingredient in animal feed. However, rules to prohibit the marketing of 
glycerin that do not meet these requirements are lacking, and 
inspection of those levels is non-existent. Reports on disorders as 
hepatic degeneration, intoxic by heavy metals and metabolic disorders 
caused by glycerol were not found in the literature (9–12), although 
the results are inconsistent. Concerns exist around the use of glycerol 
residues in animal feeding.

The inconsistency in results may be  due to the glycerol purity, 
duration of supplementation, the speed with which glycerol is fermented 
in the rumen, and the absorption of glycerol, which is metabolized in the 
liver, in the rumen epithelium (13). The inconsistency between 
experiments reveals that more experiments are recommended to validate 
or refute the importance of including glycerol as a feed ingredient or feed 
supplement in the diet of ruminants.

Diets rich in substances such as methanol can cause changes in 
ruminal physiology and, depending on the type of feed, can affect the 
microorganism population, feed passage rate, nutrient motility, and 
absorption speed. These factors can cause a series of metabolic 
disorders that can lead to animal efficiency production losses, 
particularly to economic losses to farmers (14, 15).

The evaluation of the metabolic profile of goats submitted to new 
dietary systems using clinical biochemistry, including the determination 
of serum concentrations of protein and energy profiles and of enzymes 
related to liver activity (such as alanine aminotransferase, aspartate 
aminotransferase, and gamma-glutamyl transferase) because these 
indicators help diagnose metabolic disorders and other diseases.

In view of the above, this study aimed to assess the effect of the 
inclusion of crude glycerin in the diet of feedlot-finished goat kids on 
metabolic, protein, energy, and urinary profiles, as well as to provide 
a histopathological evaluation of liver tissues.

2. Materials and methods

Goats were cared for in accordance with the guidelines for the care 
and use animals presented in the guide issued by the National Institute 
of Health and by Brazil’s Ministry of Brazil. Federal University of 
Bahia Animal Use and Care Committee (n. 08/2013).

2.1. Location, animals, and diets

The experiment was conducted at the Experimental Farm of the 
School of Veterinary Medicine and Animal Science of the Federal 

University of Bahia, in the municipality of São Gonçalo dos 
Campos, state of Bahia, Brazil, between November 2013 and 
January 2014.

Thirty-two Boer crossbred goats with initial weights of 
17.8 ± 2.2 kg and ages ranging from three to four months were tested, 
distributed in a fully randomized design with four treatments and 
eight replicates. The treatments corresponded to the four levels of 
crude glycerin (0, 50, 100, and 150 g/kg) on a dry matter (DM) basis 
(Table 1).

Animals were vaccinated and dewormed for ectoparasites and 
endoparasites in the pre-experimental period; then, they were housed 
in individual stalls in a covered shed with slatted suspended floors and 
equipped with drinking fountains and feeding troughs to ensure ad 
libitum access to water and feed.

The animals were housed in individual 2-m2 pens in a covered 
sheds and equipped with feeders and water throughout the trial 
period, which consisted of 69 days, 15 days of adaptation of the 
animals to the facilities and diets and 54 days of data collection. At this 
stage, the animals received sorghum silage as roughage ad libitum and 
increasing proportions of experimental feeds. Goats were fed twice 
daily, with half the daily quota delivered at 8:00 and the remainder at 
16:00. Feed portions were individually weighed in a 
roughage:concentrate ratio of 60:40 and subsequently mixed to 
minimize selective feeding by the animals.

Sorghum silage [Sorghum bicolor (L). Moench] was used as the 
roughage (Table  2). The concentrate was composed of cornmeal, 
soybean meal, a mineral supplement specific for goats, and crude 
glycerin. Diets were formulated to be  isonitrogenous (150 g/kg of 
crude protein), according to the recommendations of the National 
Research Council (16), to meet nutritional requirements for goats with 
estimated potential average weight gains of 150 g/day.

2.2. Metabolic profile and chemical 
composition of ingredients

To allow examination of the influence of crude glycerin levels on 
metabolic protein, energy, and enzymatic hepatic profiles, blood 
samples (10 mL) from each goat were collected from the jugular vein 
at the beginning, the middle and the end of the experimental period. 
The samples were collected before morning feeding (time 0) and 4 h 
thereafter in nonheparinized vacutainer tubes after local antisepsis. 
Samples were centrifuged at 3,500 rpm for 15 min to obtain the blood 
serum, which was transferred to duly labeled Eppendorf tubes and 
stored in a freezer at −20°C for subsequent analysis.

Samples were taken to the Laboratory of Clinical Pathology of the 
Federal Rural University of Pernambuco, where the serum 
concentrations of urea, total protein, albumin, creatinine, cholesterol, 
triglycerides, glucose, fructosamine, gamma-glutamyltransferase 
(GGT), alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), and creatine kinase MB isoenzyme (CK-MB) were analyzed 
and quantified in the automatic biochemical analyzer LAB MAX 240 
with commercial reagent kits from LABTEST® (17, 18).

Urine samples from each goat were collected at the beginning, the 
middle and the end of the experimental period. The samples were 
collected before morning feeding (time 0) and 4 h thereafter on the 
68th day of the experimental period, urine samples were collected 
from the animals at approximately 4 h after the morning feeding. 
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Urine samples were collected in plastic cups from spontaneous 
urination, filtered with gauze, and a 10 mL aliquot was collected. 
Subsequently, samples were diluted in 40 mL of 0.036 N sulfuric acid 
solution (17, 18). Samples were then stored in labeled plastic 
containers at −20°C.

Subsequently, samples were sent to the Laboratory of Clinical 
Pathology, where urinary concentrations of urea, creatinine, urinary 
proteins, and uric acid were analyzed and quantified in the automatic 
biochemical analyzer LAB MAX 240 with commercial reagent kits 
from LABTEST®.

Animals were fasted on the last day of the experimental 
period; then, they were transferred to a commercial 
slaughterhouse in the municipality of Feira de Santana, state of 
Bahia, Brazil, where they were slaughtered in compliance with 
current regulations of Normative Instruction No. 3 of the 
Brazilian Ministry of Agriculture and Supply – Secretariat of 
Agricultural and Livestock Defense (9). Animals were slaughtered 
after being desensitized by electronarcosis and exsanguinated by 
severing the jugular vein and carotid artery. After skinning and 
evisceration of the animal, liver fragments of approximately 1 cm2 

TABLE 1 Composition of ingredients and chemical composition of the experimental diets.

Ingredient
Dietary crude glycerin level (g/kg of DM)

0 50 100 150

Dietary ingredient (g/kg)

Corn grounded 180.00 120.00 60.00 0.00

Soybean meal 205.00 215.00 225.00 235.00

Crude glycerin 0.00 50.00 100.00 150.00

Mineral supplement 15.00 15.00 15.00 15.00

Sorghum silage 600.00 600.00 600.00 600.00

Chemical composition (g/kg)

Dry matter 554.60 557.20 559.80 562.30

Organic matter1 941.00 937.10 940.80 941.80

Mineral matter1 50.80 52.30 53.90 55.40

Crude protein1 149.20 149.80 150.50 151.10

Ether extract1 31.30 28.40 25.50 22.60

Neutral detergent fiber1 349.40 343.10 336.80 330.50

Acid detergent fiber1 166.70 166.30 165.90 165.50

Nonfiber carbohydrate1 419.30 426.40 433.30 440.40

TDN2 639.80 639.90 639.90 640.00

Methanol1 0.00 3.30 6.60 9.90

1Value expressed in g/Kg of dry matter. 2Total digestible nutrients estimated.

TABLE 2 Chemical composition of ingredients used in the experimental diets.

Item
Ingredient

Sorghum silage Corn grounded Soybean meal Crude glycerin

Dry matter 33.55 88.60 87.25 94.00

Organic matter1 96.71 98.46 93.52 96.40

Mineral matter1 3.29 1.54 6.48 3.60

Crude protein1 7.55 6.42 45.03 0.00

Ether extract1 3.05 5.15 1.84 0.00

Neutral detergent fiber1 49.03 13.07 15.46 0.00

Acid detergent fiber1 26.16 1.30 3.63 0.00

Nonfiber carbohydrate1 57.90 73.82 31.19 83.01

Total digestible nutrients1 55.00 81.07 80.11 81.30

Glycerol 0.00 0.00 0.00 43.4

Methanol 0.00 0.00 0.00 6.6

1Value expressed in % dry matter.
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TABLE 3 Urea, total protein (TP), albumin, and creatinine serum levels of goat kids fed diets containing crude glycerin.

Variable/h
Crude glycerin inclusion level (%)

SEM1
p value*

0 5 10 15 L2 Q3

Urea (mg/dL)
0 h 74.85 79.15 73.43 82.55 2.2712 0.3242 0.5393

4 h 65.87 76.55 72.81 79.28 1.6554 0.4088 0.6274

TP (g/dL)
0 h 6.33 6.61 6.04 6.74 0.1131 0.4114 0.3989

4 h 6.67 6.83 6.24 6.67 0.1120 0.1217 0.9665

Albumin (g/dL)
0 h 2.50 2.51 2.33 2.47 0.0385 0.8107 0.6808

4 h 2.58 2.60 2.44 2.46 0.0377 0.8611 0.4933

Creatinine (mg/dL)
0 h 0.38 0.41 0.37 0.37 0.0181 0.4744 0.3057

4 h 0.35 0.42 0.37 0.38 0.0194 0.4880 0.4893

1SEM, Standard error of the mean. 2Significance for linear effect. 3Significance for quadratic effect. 0 h = before morning feeding. 4 h = 4 h after morning feeding. mg/dL = milligrams per 
deciliter. g/dL = grams per deciliter. p value * = significant probability at the 5% level.

were sampled from each goat and transferred to individual 
containers with 10% buffered formalin.

Subsequently, the samples were taken to the Laboratory of 
Histology of the Animal Science Graduate Program of the Federal 
University of Paraíba, where they were initially processed by inclusion 
in paraffin. The analyzed area of histological sections was standardized 
at 4 μm, and sections were subsequently stained with hematoxylin and 
eosin (HE) for histopathological examination and evaluation of the 
effect of crude glycerin on liver tissues following (19). Morphological 
variables were microscopically evaluated and included hepatocyte 
swelling, parenchymal disruption, inflammatory infiltrate, steatosis, 
and congestion.

2.3. Statistical analysis

The data were subjected to analysis of variance in a completely 
randomized design with four treatments, named 0, 50, 100, and 150 g/
kg inclusion of crude glycerin, and eight repetitions; the initial weight 
of the goats was considered as a covariate in the statistical model.

The results were interpreted through decomposition of the 
orthogonal polynomials in linear and quadratic using the PROC 
MIXED function of the SAS software (version 9.1). The homogeneity 
of variance between treatments was assumed, and the degrees of 
freedom were estimated using the Kenward-Roger method. The 
regression models were adjusted according to the significance of the 
parameters β1 and β2 by using the method of restricted maximum 
likelihood in PROC MIXED, and the estimation of parameters was 
obtained through the PROC REG function of the SAS software 
(version 9.1). All statistical procedures were performed using the value 
of 0.05 as the critical level of probability for error type I.

3. Results

3.1. Urea, total protein, albumin, and 
creatinine serum levels of goat kids

The diets did not have an effect (p > 0.05) on the serum urea levels 
(Table  3). Total serum protein concentrations were not affected 
(p > 0.05) in any samples from any examined diets.

Serum albumin levels were not affected (p > 0.05) by the diets 
(Table 3). Serum creatinine concentrations were not affected (p > 0.05) 
by the diets, showing a mean of 0.38 mg/dL for both sampling times.

3.2. Energy profile of goat kids fed diets

Serum concentrations of plasma cholesterol and triglycerides at 
0 h were not influenced (p > 0.05) by the diets; only triglycerides were 
influenced by the inclusion of crude glycerin (Table 4), and these 
decreased as the dietary glycerin doses increased.

Serum concentrations of plasma glucose and fructosamine were 
not influenced (p > 0.05) by the diets (Table 4). Serum fructosamine 
values varied (p > 0.05) from 189.51 to 207.88 μmol/L.

3.3. Enzymatic activities of goat kids fed 
diets

Serum gamma-glutamyltransferase (GGT), alanine 
aminotransferase (ALT), and aspartate aminotransferase (AST) were 
not affected (p > 0.05) by the diets (Table 5).

Serum activity of the creatine kinase myocardial isoenzyme 
(CK-MB) was not affected (p > 0.05) by the diets (Table 5), showing a 
mean value of 191.54 IU/L.

3.4. Histopathological lesions of the 
hepatic tissue of goat kids fed diets

The liver of animals receiving the treatment without added crude 
glycerin showed normal architecture without histopathological changes 
(Table 6), except for one animal that showed cell swelling and congestion 
but not enough to characterize such histological alteration. Animals 
receiving 50 g/kg crude glycerin showed similar characteristics to those 
fed without glycerin, with two animals showing early cell (hepatocyte) 
swelling insufficient to characterize this alteration, one showing moderate 
microvacuolar steatosis, and one showing congestion (Table 6).

Hepatic histopathological changes were more frequent in the 
treatment with 100 g/kg crude glycerin compared to the first two 
treatments. Liver slides showed parenchymal disruption, 
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inflammatory infiltrate, moderate microvacuolar steatosis, and 
hepatic congestion (Table  6; Figure  1). Steatosis values were 
particularly noteworthy, with approximately 50% of the animals in 
this treatment showing the condition. All histopathological changes 
examined in this study were found in the treatment with the highest 
dose of crude glycerin, except inflammatory infiltrate (Table  6). 
Among the cases of steatosis, one was severe.

4. Discussion

4.1. Urea, total protein, albumin, and 
creatinine serum levels of goat kids

The serum urea levels (Table 3) slightly exceeded the limits of 
normality described for goats. According to Kaneko et  al. (17), 

standard values between 21.4 and 42.8 mg/dL. Nichols et al. (20) states 
that the serum urea levels exceeding the normal range are caused by 
excessive protein intake, low energy intake, or even asynchronous 
degradation of energy and protein, the latter of which might explain 
the values found in this study. Although the diets and protein and 
energy intakes were similar among the treatments (because diets were 
isoproteic and isoenergetic), the treatments with crude glycerin 
showed the highest serum urea values; therefore, the availability of 
glycerol from glycerin may have aggravated urea levels because 
glycerol is energy-rich and rapidly absorbed by the ruminal 
epithelium, whereas the main source of dietary protein (soybean 
meal) is not degraded as rapidly.

The mean total serum protein value found in this study was 6.52 g/
dL, which lies in the range of 6.4–7.0 g/dL recommended by Kaneko 
et al. (17). According to Nichols et al. (20), reduced protein levels may 
be associated with blood loss or nutritional deficiencies that promote 

TABLE 4 Energy profile of goat kids fed diets containing crude glycerin.

Metabolite
Crude glycerin inclusion level (%)

SEM1
p value*

0 5 10 15 L2 Q3

Cholesterol (mg/dL)
0 h 43.11 39.91 37.94 36.13 1.4156 0.2250 0.8485

4 h 40.40 37.66 35.85 33.92 1.4467 0.2338 0.9191

Triglycerides (mg/dL)
0 h 13.07 11.12 12.12 11.74 0.6624 0.7743 0.7369

4 h 18.55 16.47 16.03 15.53 1.3009 0.0433 0.7242

Glucose (mg/dL)
0 h 40.50 43.17 36.87 39.70 1.0684 0.3616 0.9699

4 h 47.33 51.42 43.86 44.91 1.2726 0.1065 0.4524

Fructosamine 

(μmol/L)

0 h 191.68 196.75 189.51 196.61 2.2400 0.7131 0.8259

4 h 202.19 207.88 194.09 199.96 2.3542 0.3006 0.9847

Triglycerides 4 h Ŷ = −0.9529X + 19.0270 (R2 = 85.57)

1SEM, Standard error of the mean. 2Significance for linear effect. 3Significance for quadratic effect. 0 h = before morning feeding. 4 h = 4 h after morning feeding. mg/dL = milligrams per 
deciliter. mg/dL = milligrams per deciliter. Μmol/L = micromole per liter. p value* = significant probability at the 5% level.

TABLE 5 Enzymatic activities of gamma-glutamyltransferase (GGT), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and creatine 
kinase myocardial isoenzyme (CK-MB) in Boer crossbred goat kids fed diets containing crude glycerin.

Variable/h
Crude glycerin inclusion level (%)

SEM1
p value*

0 5 10 15 L2 Q3

GGT (UI/L)
0 h 46.96 47.97 46.59 53.76 1.3257 0.1767 0.1967

4 h 49.41 50.39 51.52 51.45 1.0063 0.4747 0.8163

AST (UI/L)
0 h 53.27 49.98 43.56 51.83 2.3206 0.5634 0.1678

4 h 63.68 60.55 52.19 61.24 1.9290 0.3788 0.1295

CK-MB (UI/L)
0 h 190.68 189.21 193.69 192.00 2.2218 0.7029 0.9822

4 h 194.13 193.79 186.57 192.23 2.2261 0.5414 0.5267
1SEM = Standard error of the mean. 2Significance for linear effect. 3Significance for quadratic effect. 0 h = before morning feeding. 4 h = 4 h after morning feeding. mg/dL = milligrams per 
deciliter. g/dL = grams per deciliter. p value * = significant probability at the 5% level.

TABLE 6 Histopathological lesions of the hepatic tissue of Boer x undefined breed (UDB) goats fed diets containing crude glycerin.

Histopathological 
lesion (%)

Crude glycerin inclusion level (%)

0 5 10 15

Hepatocyte swelling 0.00 0.00 0.00 37.50

Parenchymal disruption 0.00 0.00 12.50 37.50

Inflammatory infiltrate 0.00 0.00 25.00 0.00

Steatosis 0.00 12.50 50.00 37.50

Congestion 0.00 12.50 12.50 37.50
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organic impairment. These findings indicate that the animals did not 
have any nutritional deficiencies.

The serum albumin levels approach the values of normality 
recommended for the species (17). Regarding serum creatinine 
concentrations, the reference values for goats reported by Kerr (18) 
showed a variation of 1.0–1.8 mg/dL. All treatments employed in this 
study resulted in creatinine values below the lower limit. Creatinine is 
almost entirely derived from the catabolism of the creatine present during 
muscle metabolism and reflects the renal filtration rate, meaning that 
high creatinine levels are indicative of altered renal functions (21, 22).

4.2. Energy profile of goat kids fed diets

The triglycerides decreased as the dietary glycerin doses 
increased. This may be due to a decreased ether extract intake, 

given that the ether extract content was reduced by the inclusion 
of the crude glycerin in the diets (Table 1). However, values of all 
diets were below the normal range compared to other studies 
with goats (22–24). Notwithstanding, the results found in this 
study are desirable because the current consumer market has 
been seeking low-fat food products, and the lower contents found 
in the blood plasma of the goats in this study are good indicators 
that little fat deposition occurred in the muscle tissue.

Mean glucose values were at 36.87–51.42 mg/dL, slightly below 
the reference values of 50–75 mg/dL cited by Kaneko and Kerr (17, 
18). Glucose can be used as a parameter to assess metabolic energy-
although results from the monitoring of ruminant energy metabolism 
are inconsistent-and is usually measured by acetic, propionic, and 
butyric short-chain fatty acids. Hence, the fact that the glucose values 
found by this study were slightly below those recommended by 
Kaneko (17) is not concerning.

FIGURE 1

Liver photomicrographs showing histopathological changes in Boer crossbred goats fed diets containing crude glycerin. (A) Normal hepatic 
parenchyma showing normal architecture, representing the liver of animals from treatment 1. (B) Parenchyma with moderate microvacuolar steatosis, 
representing mainly animals from treatments 3 and 4. (C) Hepatic parenchyma of an animal from treatment 3, showing moderate steatosis and 
inflammatory infiltrate (dashed circle). (D) Increased steatotic hepatic parenchyma of an animal from treatment 4. (E) Representative parenchyma of 
animals from treatment 4, showing parenchymal disruption and hepatocyte swelling. The arrowhead indicates lipid vacuoles indicative of steatosis. 
Hematoxylin–eosin stained.
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Reference values highlighting the importance of fructosamine 
blood concentrations in ruminants are still understudied in Brazil. In 
a comparison of sample collection times in sheep and goats, Kuru 
et al. (21) found blood fructosamine values ranging from 164.68 to 
328.88 μmol/L for small ruminants. Those values can be used as a 
reference, but more studies are warranted to establish reference 
values when considering variation in different factors. As such, the 
values found in the present study are within the range observed by 
Kuru et al. (21).

4.3. Enzymatic activities of goat kids fed 
diets

The values of serum gamma-glutamyltransferase (GGT), alanine 
aminotransferase (ALT), and aspartate aminotransferase (AST) 
remained within the normal range for the species according to Kaneko 
et al. (17), who preconized normal AST values of 20–56 IU/L and 
GGT values of 20–70 IU/L. The mean values observed in this study 
were 53.98 IU/L and 49.76 IU/L for AST and GGT, respectively, 
indicating that hepatic function was not compromised. According to 
Bobe et al. (25), the increase in the enzymatic serum rates from the 
liver tissue is related to hepatocellular disease, given that the degree of 
increase is directly proportional to the number of affected hepatocytes.

The creatine kinase myocardial isoenzyme (CK-MB) is an 
isoenzyme found mainly in the heart and whose quantification can 
be  applied reliably in diagnosing acute myocardial infarction in 
humans. The enzyme has been well-studied in rodents (26, 27) but is 
not entirely reliable in field evaluations because of its short half-life 
(28). Notwithstanding, Pedroso (29) found altered CK-MB values in 
cattle intoxicated by Nerium oleander, most commonly known as 
oleander, whose ingestion by animals leads to several clinical 
symptoms such as arrhythmia, paralysis, and even death. The authors 
also observed an effect, where values ranged from 158–206 IU/L to 
402–285 IU/L when animals were intoxicated with 0.5 and 1.0 g/kg 
body weight, and noted areas of extensive hyaline necrosis in the heart 
papillary muscle. Such findings demonstrate CK-MB also might 
be indicative of cardiac problems in ruminants.

4.4. Histopathological lesions of the 
hepatic tissue of goat kids fed diets

The different individual responses of the study animals to these 
characteristics may indicate hepatic overload, as goat kids fed the 
highest levels of crude glycerin were more often affected by 
histopathological lesions and with greater occurrence, which was not 
verified (Table 6). This hepatic overload suffered by animals fed higher 
glycerin levels may be related to the excess glycerol that is readily 
absorbed by the ruminal epithelium, metabolized in the liver, and 
directed to gluconeogenesis, or else by the methanol also present in 
the glycerin.

This response demonstrates that crude glycerin inclusion levels 
did not lead to any kidney problems in goats, thus reducing the risk of 
being affected by diseases such as urolithiasis, one of the main diseases 
that affects the urinary tract of ruminants, and avoiding economic 
losses related to veterinary treatment expenses, death of affected 
animals, and carcass condemnation at emergency slaughter.

The different diets did not affect the metabolic, protein, or energy 
profile of the goats examined, with the profiles being within normal 
limits for the species for most of the evaluated parameters. Although 
the findings from the histopathological examination of the liver tissue 
indicates moderate overload, the diets did not significantly affect the 
body of the study animals. Therefore, during the evaluated period and 
in the crude glycerin levels studied, this co-product can 
be recommended as an energy source for the diet of goat kids, given 
that deleterious effects were not observed.

The indicate crude glycerin did not cause deleterious effects on 
renal tissue or on the protein, energy, or enzymatic serum profiles and 
resulted in only moderate damage to the liver tissue.
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Alternative to antibiotic growth 
promoters: beneficial effects of 
Saccharomyces cerevisiae and/or 
Lactobacillus acidophilus 
supplementation on the growth 
performance and sustainability of 
broilers’ production
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Benha University, Moshtohor, Toukh, Egypt, 4 Department of Food and Nutrition, Faculty of Human 
Sciences and Design, King Abdulaziz University, Jeddah, Saudi Arabia, 5 Sustainable Agriculture 
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ARC, Ministry of Agriculture and Land Reclamation, Giza, Egypt, 7 Structural Biochemistry of Membranes, 
Bavarian NMR Center, Technical University of Munich (TUM), Garching, Germany, 8 Institute of Poultry 
Diseases, Faculty of Veterinary Medicine, Free University of Berlin, Berlin, Germany

Although antibiotics growth promoters (AGPs), including zinc-bacitracin (ZnB), 
can threaten human health due to developing antimicrobial resistance, as well as 
drug residue in animal and poultry products, ZnB is still widely used, particularly 
in developing countries, for the sustainability of poultry farming. The present 
investigation aims to assess the use of Saccharomyces cerevisiae and Lactobacillus 
acidophilus, with or without a prebiotic (mannooligosaccharide, MOS), as 
alternatives to ZnB. For this reason, 150 one-day-old chicks were grouped into 
six groups, designated negative control, LA, SC, ZnB, SA  +  MOS, and LA  +  MOS 
(5 replicates of 5 chicks for each group). Chicks kept in the control group were 
fed the basal diet. Chickens kept in LA and SC groups received L. acidophilus, S. 
cerevisiae at a 1  g/kg diet and 2  g/Kg, respectively. Chickens kept in ZnB received 
ZnB at 0.5  g/kg. Chicks kept in the SC  +  MOS and LA  +  MOS were fed a basal 
diet containing 2  g  S. cerevisiae  +  1  g MOS/kg or 1  g  L. acidophilus  +  1  g MOS /
kg, respectively. The efficacy was assessed based on the growth performance, 
carcass traits, meat quality, nutrient digestibility, and blood biochemistry 
composition during the entire trial 1–36  days of age. Results showed that chicks 
kept in the SC group had greater BW than the control (p  <  0.05). Chicks kept in 
the SC, LA, SC  +  MOS, and LA  +  MOS consumed less feed than the control and 
Zn-B groups (p  <  0.05). Supplementation with S. cerevisiae resulted in a better 
(p  <  0.05) feed conversion rate (FCR) than the control group. Supplementation 
with L. acidophilus  +  MOS significantly increased (p  <  0.05) the relative liver weight 
compared to those supplemented with ZnB, S. cerevisiae, and L. acidophilus. In 
addition, supplementation with ZnB-induced spleen hypertrophy compared to 
S. cerevisiae and L. acidophilus-supplemented groups (p  <  0.05). Plasma, meat, 
and liver cholesterol, as well as the cholesterol-to-lipid ratio of meat and liver, 
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were significantly decreased (p  <  0.05) in both SC and LA groups compared to the 
control group. Our research indicates that adding 2  g/kg of S. cerevisiae to broiler 
feed can effectively replace ZnB and enhance productive performance and 
economic profits, making it a viable and sustainable option for broiler farming.

KEYWORDS

antibiotic growth promoters, blood biochemistry, carcass traits, digestibility, meat 
quality probiotics, productive performance, symbiotics

1. Introduction

The use of antibiotics growth promoters (AGPs) has been a 
common practice in intensive poultry production to improve animal 
growth performance, health, and sustainability of animal farming (1). 
However, AGPs threaten human health due to the risk of developing 
antimicrobial resistance and drug residue in poultry products (2). 
Consequently, AGPs have been prohibited in several countries, 
including the European Union, the United States, and China. However, 
AGPs are still frequently used in food animal production in developing 
countries (3). Among the used AGPs is zinc-bacitracin (ZnB), a 
mixture of high molecular weight polypeptides [bacitracin A, B, and 
C and various minor components (4, 5)]. However, the continuous use 
of ZnB induces suppression of natural immunity, dysbiosis, and 
antibiotic residues in animal products (6), highlighting the urgent 
need to find alternatives to AGPs, such as probiotics and prebiotics (7).

Probiotics are microorganisms, with beneficial effects as growth 
promoters and protectors against pathogen bacteria (8), by direct or 
indirect mechanisms (competitive exclusion), promoting host 
immunity and improving animal performance. Among probiotics is 
Lactobacillus spp. such as L. acidophilus (LA), which is promising in 
improving animal health and performance (8–10). Lactobacilli 
produce antibacterial proteins and bacteriocins (11), displaying a wide 
antibacterial spectrum against Gram-positive bacteria and improving 
chicken health (12). Muray et  al. (13) suggested that probiotic 
supplementation containing Lactobacillus supports broilers’ growth 
similarly to diets supplemented with antibiotics and coccidiostats, 
improving the feed conversion rate. Yeasts also enhance feed quality 
and animal performance (14). The yeast mechanism of action includes 
two possible mechanisms: the first is related to supporting the growth 
of lactic acid bacteria, and the other is a competitive exclusion of 
pathogenic bacteria by yeast and its cell wall components (15). 
S. cerevisiae is also a source of protein, vitamin B-complex, enzymes 
such as cellulase and phytase, and trace minerals (16) and has a 
positive effect on mineral retention, bone mineralization, feed 
utilization, disease resistance, immune response, and growth 
performance of broilers (17).

It is also possible to use probiotics mixed with prebiotics 
(non-digestible feed ingredients able to stimulate the growth rate and/
or the activity of some bacteria). This mixture, known as symbiotic, 
can enhance the activity and the survival of probiotics and stimulate 
bacteria living in the gastrointestinal tract, such as Lactobacillus and 
Bifidobacteria (18). Among prebiotics, mannan-oligosaccharides 
(MOS), a product derived from the outer cell wall of S. cerevisiae, are 
widely investigated, and their inclusion in poultry diets is of particular 
interest due to their positive effect on gut ecology and productive 

performance (19). In addition, the yeast cell wall has powerful 
antigenic stimulating properties, and it is well known that this 
property is a characteristic of the mannan chain (20).

Supplementation of poultry diets with MOS results in improved 
animal performance (21), partly due to its hypothesized nutrient-
sparing effect and primarily due to its influence on nutrient utilization 
in the gut (22). According to Pascual et  al. (23), supplementing 
broiler diets with S. cerevisiae cell wall improved animal health and 
performance. In addition, a significant improvement in antibody 
responses in broilers and layers due to MOS supplementation was 
also reported by other authors (24, 25). The positive impact of 
prebiotics over probiotic is still under scientific debate, and there are 
reports that probiotic alone is adequate (26). The present investigation 
aimed to evaluate the advantages of administering a probiotic 
supplement with S. cerevisiae or L. acidophilus and/or MOS prebiotic 
in terms of growth performance, digestibility, carcass traits, meat 
quality, and blood biochemistry for broiler chickens compared to 
those of zinc bacitracin.

2. Materials and methods

This work was approved by King Abdulaziz University, animal 
care and use committee office under institutional approval code 
ACUC-22-1-2.

2.1. Chickens and experimental design

A total of 150 one-day-old male Ross broiler chicks were wing 
banded and distributed based on similar initial body weight 
(44.6 g ± 1.6) among six groups. Each treatment was represented by 
25 chicks/group with five replicates of five chicks of each. Each 
replicate was kept in battery brooders (35 × 25 × 30 cm). All groups 
were fed the same basal diet. The negative control group was fed the 
basal diet without any supplementation. Chicks kept in the ZnB 
group were supplemented with the basal diet supplemented with zinc 
bacitracin (ZnB group) 10% at 0.5 g/ kg diet (Pucheng Lifecome 
Biochemistry Co., Ltd. No.19, Nanpu Ecological Industrial Park, 
Pucheng, Fujian, P. R. China). Chicks kept in the “SC” group were fed 
the basal diet supplemented with a probiotic containing S. cerevisiae 
at 2 g/kg diet [China way Corporation Taiwan, 129 colony-forming 
units (CFU) per gram]; However, chicks kept in the “LA” group were 
fed the basal diet supplemented with a probiotic containing 
L. acidophilus (5 × 1011 CFU/g) at 1 g/kg diet (Chinobio Trading Co., 
Ltd., Ningxia, China). Chicks kept in the “SC + MOS” group were fed 
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the basal probiotic diets supplemented with S. cerevisiae at 2 g/kg diet 
and 1 g MOS /kg diet (Alltech Inc., Nicholasville, Kentucky, 
United States). However, chicks kept in the “LA + MOS group” were 
fed the basal diet supplemented with L. acidophilus at 1 g/kg and 1 g 
MOS /kg diet.

Chickens were fed a corn-soybean meal-based diet during starter 
(1–18 d), grower (19–28 d), and finisher (29–36 d) periods, 
formulated according to NRC (27) recommendations. The ingredients 
and chemical characteristics of the diets, determined according to 
AOAC (28), are shown in Table 1. Feed and water were provided ad 
libitum. Chicks were illuminated with a 23 light: 1 dark cycle and 
were vaccinated against Newcastle diseases (ND) using Hitcher B1 
(at 7th day old) and Lasota (at 20 and 30 days of age) in the drinking 
water. At nine days old, all chicks were inoculated intramuscularly 
with inactivated Avian influenza subtype H5N2 (Nobilis® Influenza 
H5N2, MSD Animal Health, Rahway, United States). Vaccination 
against the infectious bursal disease was done using live attenuated 
Gumboro vaccine (Nobilis® Gumboro 228E, MSD Animal Health, 
Rahway, United States) at 14th and 24th -day-old.

2.2. Growth performance

During the experimental period, chickens of each group were 
individually weighed (g) (at 1th, 28th, and 36th days of age) in the 
morning, before offering feed; the body weight gain (at 1st, 28th, and 
36th day of age), and the total weight from 1st to 36th days was 
calculated as the difference of the weight measured on the first and the 
last day of each period. At the same periods, feed intake was calculated 
as the difference between the feed (g) consumed on the first and last 
day of each period; thus, the feed conversion ratio (FCR) was 
calculated as feed intake/body weight gain (g/g) for each period. The 
European production efficiency index was calculated according to Huf 
et al. (29).

 

EPEF Body weight kg viability feed

conversion ratio

= ( )× ×
− ×

% /100

ttrial duration in days.  (1)

2.3. Digestibility

The dry matter, organic matter, nitrogen-free extract (soluble 
carbohydrate), crude protein, crude fat, crude fiber, and apparent 
ash digestibility were measured at the end of the trial (36 d) using 
one chicken per replicate (5 chickens/group). The total faecal 
collection method was used. Chicks were fasted for 24 h, then fed on 
their corresponding experimental diets for 72 h, in which feed intake 
and voided excreta were accurately determined. The excreta samples 
were collected for each replicate, cleaned from feathers, and feed, 
weighed, and dried in a forced air oven at 70°C for 36 h. Samples 
were finally ground and placed in screw-top glass jars at 4°C until 
analyses. The procedure described by Jakobsen et al. (30) was used 
for separating faeces from urine nitrogen in excreta samples. Dry 
matter, nitrogen, fat, and crude fiber content of the excrement and 
feed were determined according to AOAC (28) and expressed on a 
dry matter basis. The apparent digestibility of nutrients was 
calculated by dividing the daily amount retained (g/d) by the amount 
intake (g/d). The daily amount of nutrient retained is equal to the 
amount of feed intake (% nutrient in feed × amount of feed 
consumed) minus that voided in the excreta (% nutrient in excreta, 
except for nitrogen which the fecal nitrogen was used ×amount of 
excreta voided).

2.4. Carcass quality

At 36 days of age, five chickens per treatment (1 per replicate) were 
weighed after fasting overnight, slaughtered, feather picked, and the 
total inedible parts (head, legs, and inedible viscera) were taken 
outside the carcasses, and then the remaining carcass was weighed. 
Abdominal fat was separated and weighed, including the fat in the 
abdominal cavity, and attached to the viscera. The internal organs 
were separated and weighed individually, including the liver, gizzard, 
heart, spleen, pancreas, and intestine. The intestinal length was 
measured (cm), and the carcass, abdominal fat, and internal organs 
weights were measured and expressed as percentages of live 
body weight.

TABLE 1 Ingredients and chemical composition of the experimental diets.

Ingredients, g/kg as feed Starter 
diet

Grower 
diet

Finisher 
diet

Yellow corn 532.5 500.0 574.5

Soybean meal 384.3 373.0 315.0

Limestone 10.0 11.5 10.0

Dicalcium phosphate 20.0 17.0 16.0

Vit + Min Premixa 3.0 3.0 3.0

NaCl 3.0 3.0 3.0

DL-Methionine 3.9 3.0 2.5

L-Lysine (HCL) 3.3 1.4 1.3

Vegetable oils 40.0 71.5 64.0

Sand 0.0 16.6 10.7

Chemical-nutritional characteristics

Dry matterb,% 89.85 89.78 89.78

ME kcal/kgc 3,022 3,153 3,205

Methioninec, % 0.72 0.62 0.55

Lysinec, % 1.43 1.24 1.09

Methionine+ Cystinec,% 1.07 0.96 0.86

Calciumc,% 0.97 0.96 0.86

Available phosphorusc,% 0.52 0.45 0.43

Crude proteinb,% 21.87 20.89 18.83

Crude fibreb,% 3.79 3.71 3.41

Ashb,% 9.78 11.33 10.85

Ether Extractb,% 6.25 9.31 8.59

Nitrogen Free Extractsb,% 58.31 54.76 58.32

aVit + Min mixture provides per kilogram of the diet: vitamin A (retinyl acetate) 24 mg, 
vitamin E (dl-α-tocopherol acetate) 20 mg, menadione 2.3 mg, Vitamin D3 (cholecalciferol) 
0.05 mg, riboflavin 5.5 mg, calcium pantothenate 12 mg, nicotinic acid 50 mg, choline 
chloride 600 mg, vitamin B12 10 μg, vitamin B6 3 mg, thiamine 3 mg, folic acid 1 mg, 
d-biotin 0.50 mg. Trace mineral (milligrams per kilogram of diet): Mn 80 Zn 60, Fe 35, Cu 8, 
Se 0.60.
bDetermined values.
cCalculated values.
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Samples of meat, including 50% of breast +50% of thigh meat 
and liver samples (1 per replicate), were weighed and dried in an 
electric drying oven at 70° C for 24 h until constant weight. The 
dried flesh was finally ground using a suitable mixer to pass through 
a sieve (1 mm2) and then carefully mixed. The air-dried meat and 
liver samples were kept in a well-tight glass container for subsequent 
analysis. Dry matter, protein, ether extract, and ash were determined 
according to AOAC (28). The cholesterol content in meat and liver 
was determined using Sigma diagnostic cholesterol reagent 
procedure (No 352, Sigma Aldrich, St. Louis, MO, 
United States) (28).

The physical traits of meat samples were carried out using fresh 
samples (n = 5 per treatment). The water-holding capacity (WHC) 
and meat tenderness were measured according to Volvoinskaia and 
Kelman (31). The WHC was determined using 0.3 g minced meat 
tissues that were put under an ashless filter paper and pressed for 
10 min. On the filter paper, two zones were formed. Their surface 
areas were measured by the planimeter. The WHC was calculated by 
subtracting the internal zone from the outer zone. The internal zone 
is due to the meat pressing only indicating tenderness.

The pH value was measured by a pH meter, as described by Aitken 
et al. (32). The pH was determined using 10.0 g of prepared samples 
from meat, and the drip was blended with 50 mL of distilled water for 
10 min, and then the pH value was measured.

The color intensity of meat was determined according to the 
method of Husani et al. (33), as follows: 10 g of samples were shaken 
with 50 mL distilled water in a dark room for 10 min and then 
filtered, and the color intensity (absorbency) was measured 
photometrically at 543 mm.

2.5. Biochemical parameters

Five blood samples per group (one per replicate) were collected 
from wing veins in heparinized tubes at 36 d of age. The plasma was 
separated by centrifugation of blood at 1500 × g for 20 min and then 
stored at –20°C for further analyses. Biochemical constituents in 
plasma were determined using commercial kits (Plot No: 321, 
Sigma Diagnostics, POR Ramangamdi, Vadodara, India), as 
described by Al-Harthi et al. (34). The globulin concentration was 
estimated by subtracting albumin concentration from serum 
total protein.

2.6. Statistical analysis

Data were analyzed using one-way ANOVA of the statistical 
software SAS® (35) according to the model: Yij = m + Di + eij, 
where Y is the value of the response variable, (m = the general 
mean), (i = dietary treatment), and (e = the error). The 
experimental unit was the pen/replicate for growth performance, 
while the single bird was the experimental unit for the other 
parameters such as nutrient digestibility, carcass and meat traits, 
and blood profiles. Before running the statistical analyses, the 
normality of data was tested using the Shapiro-Wilks test of 
normality (36). The mean difference at p ≤ 0.05 was tested using 
the Student–Newman–Keuls-test (36). The survival rate was 
assessed by using the chi-square test (36).

3. Results

3.1. Growth performance

During the entire trial, the mortality rate was very low (only 
three broilers died), and birds appeared in good satisfactory health 
condition. The performances of broilers during the entire trial are 
shown in Table 2. Different supplementations had no significant 
effect on broilers’ growth until day 28, but during 29–36 days, the 
SC group showed a significantly higher BWG (p ≤ 0.05) than the 
control and LA groups. Considering the entire period of the trial 
(1st–36th day), the body weight gain (BWG) of the SC group was 
higher (p ≤ 0.01) when compared with the control group. In the 
period from 1st–28th day of age, the feed intake of the SC + MOS 
group was lower (p ≤ 0.01) than the control and also the ZnB 
groups, and the LA group showed a significantly lower feed intake 
than that of the control (p ≤ 0.01). Between the 29th to 36th day of 
age, the following groups, SC, SC + MOS, and LA, had a significantly 
lower (p ≤ 0.01) feed intake compared to the control group. The FCR 
of the SC group was more favorable than the control (p ≤ 0.05) in 
the periods between the 29th–36th day of age and 1–36 d. However, 
no significant effects of all treatments were detected in comparison 
to the European production efficiency index, but the SC yielded a 
higher value than the LA and any combination of additives.

3.2. Digestibility

Generally, the nutrient digestibility was unaffected by any of the 
above-mentioned treatments (Table  3). The data for carcass 
characteristics of broilers during the entire experimental period are 
shown in Table 4. The results indicated a statistically positive effect of 
dietary supplementations on the relative liver and spleen weight 
(p < 0.01). The liver % in the SC, LA, and ZnB groups was lower than 
that of the LA + MOS group. The spleen % in the SC group was lower 
than that of the control and ZnB groups, and that of the ZnB was 
higher than that of the LA group.

3.3. Meat quality

Data for the chemical composition of liver and meat quality, 
including chemical composition and physical characteristics of 36 days 
old broilers, are shown in Table 5. The results showed no marked effect 
of different supplementations on most of the chemical composition 
analysis of the liver and the meat samples, except for liver cholesterol, 
cholesterol to lipid ratio, and meat cholesterol. All the dietary 
supplementations reduced cholesterol in the liver and meat compared 
to the control group (p < 0.01). In addition, the LA group had a 
cholesterol level in meat and liver lower than that of the SC group. All 
supplementations decreased the liver’s cholesterol-to-lipid ratio 
compared to the control group.

3.4. Biochemical parameters

Data for biochemical constituents of blood plasma of 36 days-old 
broiler chicks are shown in Table 6. The results revealed no significant 
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effect of using different supplementations on most of the biochemical 
parameters of blood plasma except for plasma cholesterol and 
cholesterol-to-lipid ratio. In both cases, all the dietary treatments 
showed lower values than the control group (p ≤ 0.01).

4. Discussion

The observed good health condition of the birds has also been 
confirmed by metabolic profiles that, in all groups, fall within the 
physiological range of poultry species (35, 37). In the present trial, 
ZnB did not improve growth performance compared to the control 
group and produced a similar growth rate to the S. cerevisiae and 

L. acidophilus with or without MOS. However, Li et al. (38) observed 
that ZnB had a good growth performance compared with the 
probiotic-treated group. The divergent effects of ZnB may be attributed 
to the hygienic measures. Our previous studies indicated that ZnB, as 
a growth promoter, had no positive effects on performance when 
animals were kept under good sanitary conditions (37, 39).

Indeed, S. cerevisiae administered alone gave the best results in 
terms of performance which increased BWG and improved FCR 
compared to the control group. Although S. cerevisiae cannot attach 
to the intestinal epithelium, it remains active and flows through the 
gastrointestinal tract. It acts as a bioregulator via several mechanisms, 
including (i) detoxification of mycotoxins as well as other bacterial 
toxins and their receptors in the mucous membrane (40–42), (ii) 

TABLE 2 Performance and European production efficiency index of broilers as affected by dietary treatment.

Item Treatments SEM p value

Control SC SC  +  MOS LA LA  +  MOS ZnB

Body weight (g)

1 d 45.9 46.3 44.8 43.5 43.6 44.0 3.9 0.730

Body weight gain (g)

1–28 d 1,018 1,028 1,021 1,047 1,015 1,007 25.5 0.860

29–36 d 571b 645a 615ab 579b 625ab 618ab 27.9 0.006

1–36 d 1,589b 1,673a 1,636ab 1,626ab 1,640ab 1,625ab 31.1 0.001

Feed intake (g/chick)

1–28 d 1,749a 1,721abc 1,699c 1,703bc 1,718abc 1,734ab 7.3 0.001

29–36 d 1,204a 1,189b 1,181b 1,181b 1,197ab 1,194ab 3.9 0.003

1–36 d 2,953a 2,910b 2,880b 2,884b 2,915b 2,928ab 9.4 <0.001

Feed conversion ratio

1–28 d 1.72 1.68 1.67 1.64 1.70 1.73 0.04 0.210

29–36 d 2.11a 1.84b 1.92ab 2.06ab 1.92ab 1.93ab 0.05 0.030

1–36 d 1.86a 1.74b 1.76ab 1.78ab 1.78ab 1.80ab 0.02 0.030

Survival (%)

1–36 d 96 100 96 100 100 96 2.25 0.840

European production efficiency index

1–36 d 228 267 248 254 256 241 8.9 0.470

a, b, Means in the same row with various superscripts are significantly different (p < 0.05); n = 5 pens per group, each pen containing five birds; SC supplemented with Saccharomyces cerevisiae; 
LA supplemented with Lactobacillus acidophilus; MOS, mannan oligosaccharides; ZnB, Zinc bacitracin; SEM, standard error of the mean; EPEF = survivability % × average body weight (kg)/
market age (day) × FCR (kg feed/kg gain) × 100.

TABLE 3 Digestibility of nutrients (%) of broilers as affected by dietary treatments.

Items Treatments SEM p value

Control SC SC  +  MOS LA LA  +  MOS ZnB

Dry matter 80.5 80.4 80.1 81.0 80.3 80.9 0.73 0.95

Organic matter 82.3 81.6 81.4 82.3 82.1 82.7 0.65 0.89

Nitrogen–free extract 85.3 84.9 85.5 85.3 85.6 85.5 0.58 0.95

Crude protein 76.7 77.9 78.1 78.4 78.6 77.8 0.71 0.54

Ether extract 81.3 81.2 82.5 81.1 81.7 81.1 0.80 0.79

Crude fiber 35.6 36.9 37.1 37.1 36.1 36.6 0.59 0.38

Ash 32.7 32.0 31.2 30.5 33.1 33.1 0.18 0.83

SEM, standard error of means; n = 5 birds per group; SC supplemented with Saccharomyces cerevisiae; LA supplemented with Lactobacillus acidophilus, MOS, mannan oligosaccharides; ZnB, 
Zinc bacitracin; SEM, standard error of the mean.
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TABLE 4 Carcass characteristics and internal body organs of 36  day-old broilers in % as affected by dietary treatments.

Items Treatments SEM p value

Control SC SC  +  MOS LA LA  +  MOS ZnB

Dressing, % 71.8 71.9 71.3 72.0 73.0 71.3 1.304 0.54

Offal,% 19.4 19.8 21.9 20.1 17.8 20.6 1.049 0.19

Breast, % 35.3 36.5 36.2 36.7 37.1 34.1 1.040 0.41

Thigh, % 29.8 30.8 32.0 31.1 31.9 33.6 1.085 0.24

Abdominal fat, % 0.31 0.69 0.24 0.44 0.36 0.59 0.22 0.69

Internal organ (%)

Proventriculus,% 0.43 0.39 0.46 0.44 0.44 0.47 0.02 0.56

Gizzard,% 2.40 2.18 2.29 2.24 2.12 2.27 0.121 0.67

Liver, % 2.42ab 2.00b 2.55ab 2.18b 2.83a 2.30b 0.128 0.003

Heart,% 0.53 0.53 0.53 0.56 0.49 0.63 0.04 0.13

Spleen, % 0.13ab 0.08c 0.11abc 0.09bc 0.10abc 0.14a 0.01 0.006

Pancreas, % 0.11 0.11 0.25 0.23 0.26 0.22 0.02 0.44

Intestine length,% 8.70 9.37 8.31 9.37 9.06 9.86 0.60 0.43

Intestine weight,% 4.62 4. 73 5.51 4.73 4.50 5.54 0.482 0.69

a, b Means in the same row with various superscripts are significantly different (p < 0.05); n = 5 birds per group; SEM, standard error of the means; SC supplemented with Saccharomyces 
cerevisiae, LA supplemented with Lactobacillus acidophilus, MOS, mannan oligosaccharides; ZnB, Zinc bacitracin.

TABLE 5 Chemical composition as a percentage of the liver, chemical and physical characteristics of meat of 36  day-old broilers according to dietary 
treatments.

Items Treatments SEM p value

Control SC SC  +  MOS LA LA  +  MOS ZnB

Liver

Dry matter, % 26.0 26.0 26.1 26.0 26.0 26.0 0.129 0.99

Protein, % 68.3 67.9 67.9 68.2 68.6 68.1 0.531 0.95

Lipid, % 23.9 24.0 24.3 23.8 23.6 23.9 0.424 0.97

Cholesterol, mg/g 2.98a 2.74b 2.62c 2.49d 2.54cd 2.62c 0.032 0.001

C/L ratio 12.8a 11.4b 10.81b 10.41b 10.60b 10.82b 0.265 0.001

Ash,% 6.38 6.44 6.30 6.27 6.46 6.31 0.166 0.89

Meat

Dry matter, % 24.9 24.5 25.3 25.3 25.2 25.2 0.309 0.46

Protein, % 73.4 73.2 73.1 73.3 73.5 73.0 0.491 0.98

Lipid, % 19.0 19.5 19.1 19.5 18.9 19.1 0.473 0.91

Cholesterol, mg/g 88.2a 83.0 b 81.2bc 78.8 c 80.0bc 81.0bc 1.054 0.001

C/L ratio 0.465 0.428 0.429 0.403 0.424 0.426 0.014 0.099

Ash, % 5.88 5.71 5.73 5.50 5.78 5.94 0.179 0.61

Physical characteristics of meat

pH 6.79 6.72 6.77 6.79 6.72 6.70 0.044 0.61

Color (Optical 

density)
0.163 0.166 0.175 0.164 0.155 0.166 0.008 0.74

Tenderness, 0.3 g/

cm2
2.44 2.70 2.56 2.71 2.53 2.52 0.075 0.11

WHC, 0.3 g/cm2 4.75 4.92 4.78 5.08 4.76 4.81 0.087 0.086

a, b Means in the same row with various superscripts are significantly different (p < 0.05); n = 5 birds per group; SC supplemented with Saccharomyces cerevisiae, LA supplemented with 
Lactobacillus acidophilus, MOS, mannan oligosaccharides, ZnB, Zinc bacitracin; SEM, standard error of the mean.
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improvement of gastrointestinal health by increasing the goblet cell 
densities and sizes (43, 44), (iii) providing some essential nutrients, 
such as vitamin B complex and several amino acids, and (iv) 
Improvement of nutrient digestion by providing cellulase and 
phytase. Akhavan-Salamat et  al. (45) reported that yeast culture 
improved crude protein and mineral utilization in diets deficient in 
phosphors and thus enhanced P and Ca availability to the broilers, 
which could improve growth.

The lack of significant effect of L. acidophilus on the growth 
performance of broilers is in line with several studies (38, 39, 46), 
which reported that broilers’ growth, feed intake, and FCR were not 
affected by Lactobacillus spp. supplementations. Vicente et al. (47) 
reported that Lactobacillus spp. did not improve FCR and growth rate 
but significantly reduced the mortality of broilers. However, several 
studies reported significant positive effects of L. acidophilus. Jha et al. 
(48) found that chickens supplemented with different strains of 
Lactobacillus showed enhanced growth performance, gut 
histomorphology, and immune functions. In the same context, 
botanical probiotics containing Lactobacillus supplementations 
resulted in similar growth of broilers to that of the group 
supplemented with antibiotics and coccidiostat, but FCR was better 
(13). Moreover, Kalavathy et al. (49) found a significant increase in 
BWG and FCR of broilers supplemented with Lactobacillus cultures. 
These contradicting results might be  attributed to the strain of 
lactobacilli and the hygienic measures.

Additionally, the lack of appreciated response to MOS 
supplemented over probiotic (S. cerevisiae or L. acidophilus) on the 
growth performance of broiler chicks for the entire rearing period 
is consistent with previous results. Yalcinkaya et al. (50) found that 
MOS supplementation at different concentrations (0.05%, 0.10%, 
and 0.15%) did not affect broiler growth rate, feed intake, and FCR 
during 1–42 days of age. Salehimanesh et al. (51) also reported no 
effects of a symbiotic based on Lactobacillus and MOS on feed 
intake, growth, FCR, carcass traits, intestinal morphology, and 
bacteria population of the ileum of broilers. However, other studies 
reported positive effects of synbiotics on the growth performance 
of broilers. Pelicano et al. (46) found that growth and FCR were 
significantly improved when MOS was added with probiotics such 
as Bacillus subtilis or L. acidophilus and casei, Streptococci lactis and 
faecium, Bifidobacterium bifidum and Aspergillus oryzae, but the 
improvements were only evident during 1st to 21 st days of age. 

Similarly, a mixture of Lactobacillus and Aspergillus fermentative 
products increased broilers’ BWG (52). This result was confirmed 
by Ghahri et al. (53), who observed an increase in feed intake and 
growth of broilers using a similar synbiotic in diets. The differences 
in the authors’ findings can be  explained by considering the 
difference in the synbiotic type.

According to available publications, Shareef and Al-Dabbagh 
(10) and Attia et al. (8, 39) ZnB, S. cerevisiae, and L. acidophilus 
did not affect broilers’ carcasses and internal organs. However, 
some investigations found a significant reduction in abdominal 
fat using flavomycin (54) and small intestinal weight (55, 56). In 
addition, different supplementations induced various responses 
on the relative weight of the liver, which decreased due to 
S. cerevisiae, L. acidophilus, and ZnB supplementation. On the 
other hand, the spleen weight increased due to ZnB and decreased 
due to S. cerevisiae or L. acidophilus supplementation. These 
changes in the spleen as a secondary lymphoid organ can suggest 
lymphocyte production changes due to the above-mentioned 
supplementations. Lee et al. (57) reported that probiotics could 
inhibit enteric pathogens directly and indirectly via a competitive 
exclusion mechanism. Lactobacilli have also been reported to 
produce antibacterial proteins and bacteriocins (11), displaying a 
wide antibacterial spectrum against Gram-positive bacteria and 
enhancing chicken health (12). Thus, the positive effect of 
S. cerevisiae and L. acidophilus on the spleen could be explained 
based on the earlier evidence. On the other hand, Hock et al. (56) 
found that ZnB decreased the growth of clostridia, anaerobic 
cocci, enterococci, and coli-areogenic bacteria in the caecal 
contents of broilers. The lack of a significant effect of ZnB, 
S. cerevisiae, and L. acidophilus with or without MOS on carcass 
traits and meat quality agrees with the results of Attia (8) and 
Attia et al. (39).

In this study, it was found that plasma, meat, and liver cholesterol, 
as well as the cholesterol-to-lipid ratio of meat and liver, were 
significantly reduced in both the SC and LA groups when compared 
to the control group. The decrease in cholesterol and cholesterol to 
lipid ratio in plasma is in line with the decrease of both items in meat 
and liver (the metabolic side for lipids metabolism) in SC and LA 
groups, although L. acidophilus had a stronger effect. On the other 
hand, the lack of additive effect of MOS indicates that S. cerevisiae 
and L. acidophilus are adequate to control plasma, liver, and meat 

TABLE 6 Blood plasma biochemical constituents of 36  days-old broilers according to dietary treatments.

Parameter Treatments SEM p value

Control SC SC  +  MOS LA LA  +  MOS ZnB

Total protein, g/dl 4.99 5.01 5.03 5.01 4.93 5.03 0.094 0.97

Albumin, g/dl 2.56 2.56 2.59 2.56 2.50 2.55 0.043 0.75

Globulin, g/dl 2.42 2.45 2.44 2.45 2.43 2.48 0.054 0.98

A/G ratio 1.062 1.047 1.065 1.027 1.044 1.031 0.013 0.22

Total lipid, mg/dl 700 705 704 703 702 694 0.095 0.97

Cholesterol, mg/dl 185a 170b 169b 166 b 166 b 168 b 3.103 0.004

C/TL ratio 26.4a 24.1b 23.9b 23.6 b 23.6b 24.2 b 0.420 0.0009

a, b Means in the same row with various superscripts significantly different (p < 0.05); n = 5 birds per group; SC supplemented with Saccharomyces cerevisiae; LA supplemented with Lactobacillus 
acidophilus; MOS, mannan oligosaccharides; ZnB, Zinc bacitracin; SEM, standard error of the mean.
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cholesterol. In the available pieces of literature, the cholesterol-
lowering effect of probiotics has been quoted by several investigators 
(56–59). However, serum cholesterol was not affected when chickens 
were fed a probiotics-containing diet for three weeks of age, showing 
a time-dependent effect (60, 61). Similarly, probiotics 
supplementation (Lacto Sacc and Yea Sacc) significantly reduced total 
plasma cholesterol and lipids (62, 63). Supplementation of the diet 
with 1 and 2 g of Bio-Buds (dried SC fermentation product) decreased 
yolk and serum cholesterol and increased antibody production 
significantly (64). This reduction may be due to the ability of bacteria 
to assimilate or degrade the cholesterol to bile acids, followed by 
deconjugation to prevent re-synthesis. Additionally, Kalavathy et al. 
(49) found a significant decrease in serum triglycerides and lipids 
using Lactobacillus cultures. Yalcinkaya et  al. (50) reported that 
cholesterol was significantly lower in the 0.05% MOS-fed group than 
in the other MOS groups (0.10% and 0.15%). Shareef and Al-Dabbagh 
(10) stated that S. cerevisiae, at 1%, 1.5%, and 2% decreased serum 
triglycerides and 2% for serum cholesterol.

The absence of significant changes in most of the plasma 
biochemical constituents due to ZnB, probiotics, or synbiotics are in 
partial agreement with the results of Attia et  al. (6, 37) and 
Ashaverizadeh et al. (65); they reported that antibiotics and probiotics 
did not affect total protein, albumin, globulin, AST, ALT, triglycerides, 
cholesterol, HDL, LDL, and VLDL. However, Tollba et al. (66, 67) 
showed that probiotics (Lactobacillus, Pediococuss) significantly 
increased plasma protein, albumin, and globulin fractions in poultry 
reared under natural and heat-stress conditions. In addition, Abou 
El-Soud and El-Naggar (64) found that Natural yeast (SC) 
significantly increased the total serum protein and globulin levels. 
However, El-Ghamry and Fadel (59) found that S. cerevisiae and 
Trichodermo reesei did not affect the plasma total protein, albumin, 
and globulin. On the other hand, Abdel-Azeem et al. (62) found that 
probiotics supplementation increased total plasma protein, plasma 
albumin, and Ca; Shareef and Al-Dabbagh (10) stated that SC at 1%, 
1.5%, and 2% increased total serum protein. The contradiction in 
response to probiotic supplementation among the above-mentioned 
investigations and that found herein could be elucidated based on the 
strain of bacteria, feed composition, and environmental and hygienic 
conditions (68, 69).

5. Conclusion

Broiler feed supplemented with dietary S. cerevisiae as probiotics 
performed similarly to zinc bacitracin-supplemented chicken feed 
and had significantly 5% higher growth, 39 points higher European 
production efficiency index, and 12 points reduced FCR compared 
to the non-supplemented control birds during the 36-d rearing 
period. Supplementing probiotics such as L. acidophilus improved the 
FCR by 8 points, but did not affect body weight (BWG) compared to 
the control group. However, both probiotics significantly reduced 
cholesterol levels in blood and meat, with the L. acidophilus reduction 
being more pronounced than S. cerevisiae. In general, probiotics had 
similar effects to zinc bacitracin on broiler performance, and MOS 
supplementation could not produce further improvements. It is also 
interesting to note that the control group showed similar values to the 
zinc bacitracin and the other additive groups. Our results show that 
using S. cerevisiae at 2 g/kg feed instead of antibiotics is possible to 

maintain healthy broiler farming and sustainability under 
intensive production.
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Shansong He1, Shibin Ye1, Dan Guo1, Suqin Hang2, Shehata Zeid2

and Baichuan Deng1*
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Industry, College of Animal Science, South China Agricultural University, Guangzhou, China, 2Jiangsu

Key Laboratory of Gastrointestinal Nutrition and Animal Health, Laboratory of Gastrointestinal

Microbiology, National Center for International Research on Animal Gut Nutrition, Nanjing Agricultural
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An experiment was conducted to evaluate the dietary supplementation with

lysozyme’s impacts on laying performance, egg quality, biochemical analysis, body

immunity, and intestinal morphology. A total of 720 Jingfen No. 1 laying hens (53

weeks old) were randomly assigned into five groups, with six replicates in each

group and 24 hens per replicate. The basal diet was administered to the laying

hens in the control group, and it was supplemented with 100, 200, 300, or 400

mg/kg of lysozyme (purity of 10% and an enzyme activity of 3,110 U/mg) for other

groups. The preliminary observation of the laying rate lasted for 4 weeks, and the

experimental period lasted for 8 weeks. The findings demonstrated that lysozyme

might enhance production performance by lowering the rate of sand-shelled eggs

(P < 0.05), particularly 200 and 300 mg/kg compared with the control group.

Lysozyme did not show any negative e�ect on egg quality or the health of laying

hens (P > 0.05). Lysozyme administration in the diet could improve intestinal

morphology, immune e�ciency, and nutritional digestibility in laying hens when

compared with the control group (P < 0.05). These observations showed that

lysozyme is safe to use as a feed supplement for the production of laying hens.

Dietary supplementation with 200 to 300 mg/kg lysozyme should be suggested to

farmers as a proper level of feed additive in laying hens breeding.

KEYWORDS

lysozyme, laying performance, biochemical indices, egg quality, body immunity, intestinal

morphology

1. Introduction

For more than half a century, antibiotics have played an important role in improving

poultry production efficiency (1, 2). Despite their benefits, their usage has shown side

effects on human health, which were gradually appearing (3). The poultry industry places

a high priority on the hunt for antibiotic alternatives due to their restriction in several

nations (4). These alternatives include probiotics (5, 6), prebiotics (7), synbiotics (8, 9),

plant extracts (10), organic acids (11), essential oils, and exogenous enzymes (12–14).

Among the exogenous enzymes, lysozyme has already been used in different domains
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including medicine and food, the reason why it has attracted the

attention of the feed industry. Lysozyme (1,4-N-acetylmuramidase)

works primarily against gram-positive bacteria (15) by cleaving

the 1,4-glycosidic bond between the N-acetylmuramic acid and N-

acetylglucosamine residues of bacterial peptidoglycan, resulting in

cell lysis (15, 16).

Lysozyme is an antibacterial enzyme that is extremely resistant

to digestion in the gastrointestinal tract and can be hydrolyzed by

acids and proteases (17, 18). The effectiveness of lysozyme as an

antibiotic substitute in pig and broiler feed has been demonstrated

(19, 20). The administration of lysozyme increased the average

daily weight gain (ADG) and enhanced the feed conversion ratio

of broiler chickens (21). In the previous research in weaned pigs,

90 mg/kg lysozyme contributed to greater ADG than antibiotic-

treated (22). Moreover, it has been shown that lysozyme reduced

the pathogen levels in the cecum of broilers (17, 23) while

increasing the villus height and villus/crypt ratio of the duodenum

(22). Nevertheless, there are little data on the benefits of lysozyme

supplementation in laying hens’ diet, particularly at the late stage

of development of laying hens. Therefore, our current research

aimed to analyze the dietary supplementation with lysozyme’s

effects on production, egg quality, biochemical analysis, antioxidant

status, immunological parameters, and intestinal morphology of

laying hens.

2. Materials and methods

2.1. Animal ethics

This research, involving animals, was performed with respect

to the South China Agricultural University’s sanitary protocol on

animal ethics during sample collection. All steps were followed

to prevent laying hens from suffering during this research,

according to South China Agricultural University’s Animal Ethics

Commission advice in compliance with the Chinese Animal

Welfare Guidelines (Animal Ethic number 2020g015).

2.2. Experiment plan, diets, and
management

A total of 720 Jingfen No. 1 laying hens with no significant

difference in laying performance (53 weeks old) were randomly

assigned into 5 groups, with 6 replicates per treatment and 24 hens

per replicate (144 laying hens/treatment). These groups were the

control group, L100, L200, L300, and L400. The laying hens in the

control group were fed with the basal diet, and for the 4 other

groups, the basal diet was supplemented with 100, 200, 300, or

400 mg/kg of lysozyme, respectively. The lysozyme provided in the

L100, L200, L300, or L400 groups was the same and had 10% purity

and 3,110U/mg enzyme activity. The feedstuff ingredients used and

their percent in the basal diet are shown in Table 1.

The preliminary test lasted for 4 weeks, and the formal period

lasted for 8 weeks. During the preliminary test period, the laying

hens were fed with the basal diet, and the laying performance

was observed to see that there was no significant difference in

laying performance before the administration of lysozyme as a feed

additive. Laying hens were maintained in semi-opened enclosures

TABLE 1 Composition and nutrient levels of the basal diet (%, as

air-dry basis).

Ingredients Content Nutrient levelsb Content

Corn 55.50 ME/(Kcal/kg) 2,598.65

Soybean meal 26.00 Crude Protein 16.30

Limestone 10.85 Calcium 4.47

Biological protein 3.00 Total Phosphorus 0.64

Soybean oil 2.30 Assimilable Phosphorus 0.42

CaHPO4 1.35 Methionine 0.41

Premixa 1.00 Lysine 0.96

Total 100.00

aThe premix provided the following per kg of the diets: VA: 14,000 IU, VD3:7,000 IU, VE: 71

IU, VK3: 2.625mg, VB1: 3.5mg, VB2: 10.5mg, VB6: 5.25mg, VB12: 0.02mg, VC: 80mg, folic

acid: 1.05mg, biotin: 0.07mg, niacin: 35mg, D-pantothenic acid: 15.75mg, Fe: 80mg, Cu:

8mg, Mn: 100mg, Zn: 60mg, Co: 0.2mg, I: 0.5mg, Se: 0.4mg, 50% Choline chloride: 1.05 g,

L-Lys: 1.36 g, DL-Met: 1.71g, NaHCO3: 1 g, NaCl : 3 g and De-mold agent: 4 g.
bThe nutrient levels were calculated values.

within 3-layer complete ladder cages containing 4 hens per cage.

The hens had ad libitum access to feed and water throughout the

study period. The average daily temperature was 26±5◦C, with a

photo-period of 16L:8D (16 h of 1ighting and 8 h for obscurity).

2.3. Production performance

The total egg number, egg mass, and unqualified (sand-shelled,

soft, and broken) egg numbers were recorded daily during the

experiment. The average feed intake (AFI) was quantified weekly

in each replicate, and the production performance parameters

were calculated as follows: Daily egg production rate of laying

hens (%) = total number of eggs produced during the statistical

period/(number of laying hens × number of days) × 100%;

Average daily egg weight= total egg weight in the statistical period

(kg)/statistical days; Average daily feed intake = (total feed intake)

(kg)/(number of laying hens × number of days); Feed conversion

rate (FCR) = feed consumption in the statistical period (kg)/total

egg weight in the statistical period (kg); Average egg weight =

total egg weight during the statistical period (g)/total number of

eggs during the statistical period; Soft and broken egg rate (%) =

number of soft and broken eggs/total number of eggs × 100%;

Sand-shelled egg rate (%) = Sand-shelled egg rate/total number of

eggs× 100%.

2.4. Egg quality

Egg samples were taken on the last day of the 4th week

and 8th week of this experiment. In total, 5 eggs were randomly

taken in each replicate for 30 eggs in each group and 150 eggs

in the 4th week and 150 eggs in the 8th week (300 eggs were

used as samples in this current experiment). A Vernier caliper

was used to measure the length and width of eggs (egg shape

index= length/width). The measure of eggshell breaking strength

was performed by an Eggshell Strength Tester (NFN388, FHK,

Japan). An egg multi-tester was used to determine the albumin
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height, Haugh unit, and egg yolk color (EMT 5200, Robotmation

Co., Ltd.). Using an eggshell thickness gauge, the determination of

eggshell thickness was measured by the average of the blunt end,

tip end, and equatorial region on an eggshell without a membrane

(Robotmation Co., Ltd.).

2.5. Plasma biochemical indices,
antioxidant status, and immunity index

At the end of this experiment, two healthy laying hens per

replicate (n=12/treatment) were randomly selected and fasted for

24 h. In total, 5ml of blood was collected from the wing veins

using a heparin sodium anticoagulant tube, and the blood samples

were centrifugated for 15min at 3,000 rpm and 4◦C to obtain

plasma samples. An automatic biochemical analyzer (Chemray

800) was used to measure plasma biochemical parameters, such as

alanine aminotransferase (ALT), aspartate aminotransferase (AST),

albumin (ALB), total protein (TP), blood urea nitrogen (BUN), uric

acid (UA), triglycerides (TG), total cholesterol (TC), calcium (Ca),

and phosphorus (P).

Commercial kits (Nanjing Jiancheng Bioengineering Institute,

Nanjing, Jiangsu, China) were used for analyzing the plasma

antioxidant status. The parameters analyzed included superoxide

dismutase (SOD), malondialdehyde (MDA), glutathione

peroxidase (GSH-Px), catalase (CAT), and total antioxidant

capacity (T-AOC). The immunological parameters such as

interferon [IFN- γ, interleukins 4 (IL-4), 2(IL-2), and 6 (IL-6),

immunoglobulins A (IgA), G (IgG), and M (IgM), and tumor

necrosis factor α (TNF-α) concentrations in plasma were tested

using chicken-specific ELISA kits (Jiangsu Meimian Industrial Co.,

Ltd, Yancheng, Jiangsu, China].

2.6. Intestinal morphology

For each replicate, 1 laying hen was selected (n=6/treatment)

and slaughtered by cervical dislocation, and the entire length of

the intestine was removed for further analysis. In total, 2 cm of

the middle duodenum, jejunum, or ileum were taken and rinsed

carefully with 0.9% NaCl several times to eliminate the digest

contents. These samples were placed in 4% paraformaldehyde for

histological studies. After 24-h fixation in 4% paraformaldehyde,

intestinal segments were hydrolyzed, cleaned up, covered with

paraffin, and separated before being stained with eosin and

hematoxylin. The morphometric variables including villus height

and crypt depth were measured with OLYMPUS cellSens Standard

1.18 (Build 16686), and each slice had four intact intestinal villi

chosen at random.

2.7. Apparent nutrient retention

During the final week of the experiment, one cage per replicate

(four laying hens inside) was chosen at random, and a plastic

tray was placed under it for feces collection. The feed intake and

the fecal excreta (after taking out the feather) were quantified

for the following 3 days. In total, 100 g of homogenized excreta

sample from each cage was collected once a day for 3 days. Every

sample obtained received 10ml of hydrochloric acid (10% HCl

concentration) and was kept immediately in the freezer at −20◦C.

The feces samples from the same cage during three successive days

were put together and mixed until homogenization. These samples

were dried for 48 h at 65◦C in the oven and then were put for

equilibration to atmospheric conditions for 24 h. After drying the

feces, the weight of the excreta samples was measured before being

ground through a 0.45-mm screen. The crude protein (988.05,

AOAC method), dry matter (934.01, AOAC method), gross energy

(IKA Calorimeter System C 5010; IKA Works, Staufen, Germany),

and ash content (942.05, AOAC method) were measured. The

expression of organic matter was calculated by the subtraction

of the samples’ weight and their weight loss after ashing. Acid-

insoluble ash (Vogtmann et al., 1975) was used as an indicator

for apparent nutrient retention. The apparent digestibility was

calculated by using the following formula: Digestibility = 100(1-
%AIA feed
%AIA fecal

x
%fecal nutrient
%feed nutrient

) where AIA is acid-insoluble ash.

2.8. Statistical analysis

Statistical analysis was made using the IBM SPSS 25 software

package with one-way ANOVA as a completely randomized design.

The significant difference among the treatments was determined by

Duncan’s test at a P < 0.05. The effect of supplementation levels

of lysozyme was made using the orthogonal polynomials for linear

and quadratic effects. All declarations of significance depended on

a P < 0.05.

3. Results

3.1. Laying hens’ production performance

Evaluation of laying hens’ production performance depends

on many parameters that farmers must take into consideration as

they directly affect their benefits. The impact on the production

performance of lysozyme as a supplement to laying hens’ diet is

shown in Table 2.

As shown in Table 2, dietary supplementation with lysozyme

did not influence the laying rate, egg mass, soft and broken egg

rate, feed intake, FCR, and egg weight (P > 0.05). However,

when laying hens were fed with dietary lysozyme at levels of 100–

400 mg/kg during the 5–8th week, the sand-shelled egg rate was

significantly lower (P < 0.05) than the control group. The trend

analysis indicates that both linear (P = 0.035) and quadratic (P

= 0.007) effects were observed in this index with an increase in

inclusion level of dietary lysozyme, in which 200 and 300 mg/kg

of dose groups recorded the lowest sand-shelled egg rate.

3.2. Egg quality

Egg quality of an egg depends on its structure and composition.

When laying hens’ diet was supplemented with lysozyme, the

characteristics of egg quality parameters are presented in Table 3.

The results of Table 3 showed that there was no significant

difference in dietary supplementation with lysozyme on egg

Frontiers in Veterinary Science 03 frontiersin.org104

https://doi.org/10.3389/fvets.2023.1273372
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Sindaye et al. 10.3389/fvets.2023.1273372

TABLE 2 E�ect of dietary supplementation with lysosome on laying hens’ production performance.

Item Level of lysozyme SEM P-value

0 100 200 300 400 ANOVA Linear Quadratic

1–4 week

Laying rate (%) 86.26 85.57 84.65 86.88 85.77 0.48 0.699 0.926 0.855

Egg mass (g/bird/d) 51.89 51.96 51.22 52.81 51.84 0.36 0.757 0.772 0.956

Sand-shelled egg rate (%) 21.95 16.84 15.78 14.72 17.98 1.06 0.235 0.182 0.062

Soft and broken egg rate (%) 0.50 0.57 0.75 0.35 0.70 0.07 0.353 0.712 0.934

Feed intake (g/bird/d) 105.74 106.03 105.21 106.49 105.80 0.29 0.747 0.786 0.963

FCR 2.04 2.04 2.06 2.02 2.04 0.01 0.910 0.837 0.979

Egg weight (g) 60.14 60.72 60.51 60.78 60.44 0.18 0.818 0.611 0.585

5–8 week

Laying rate (%) 86.64 87.91 85.87 87.12 88.43 0.46 0.444 0.400 0.486

Egg mass (g/bird/d) 52.74 53.98 52.46 53.57 54.13 0.33 0.407 0.315 0.550

Sand-shelled egg rate (%) 20.90a 14.54b 11.76b 11.75b 15.24b 0.96 0.007 0.035 0.001

Soft and broken egg rate (%) 0.79 0.56 0.49 0.70 0.92 0.06 0.214 0.380 0.056

Feed intake (g/bird/d) 106.06 107.17 106.74 107.55 106.64 0.31 0.638 0.489 0.446

FCR 2.01 1.99 2.04 2.01 1.97 0.01 0.633 0.566 0.580

Egg weight (g) 60.87 61.43 61.08 61.48 61.21 0.27 0.795 0.550 0.686

FCR, feed conversion ratio.
a, bMean that there were significant difference between groups.

TABLE 3 E�ect of dietary supplementation lysozyme on egg quality.

Item Level of lysozyme SEM P-value

0 100 200 300 400 ANOVA Linear Quadratic

4th week

Egg shape index 1.32 1.31 1.34 1.32 1.32 0.00 0.254 0.818 0.673

Eggshell strength (kgf) 3.83 4.01 3.99 3.95 3.96 0.06 0.900 0.668 0.622

Egg white height (mm) 5.33 5.81 5.55 5.74 5.70 0.09 0.428 0.277 0.391

Yolk color score 10.57 10.72 10.79 10.62 10.90 0.04 0.081 0.052 0.152

Haugh unit 71.44 75.19 73.38 74.57 74.79 0.75 0.509 0.244 0.410

Eggshell thickness (µm) 337.39 333.93 340.63 340.44 332.71 1.81 0.531 0.765 0.452

8th week

Egg shape index 1.32 1.32 1.33 1.32 1.31 0.00 0.745 0.458 0.735

Eggshell strength (kgf) 3.56 3.67 3.63 3.39 3.49 0.07 0.772 0.591 0.845

Egg white height (mm) 5.51 5.92 5.61 5.66 5.97 0.10 0.510 0.358 0.626

Yolk color score 10.07 10.52 10.34 10.11 10.48 0.07 0.094 0.371 0.615

Haugh unit 69.16 74.34 71.20 72.28 74.22 0.95 0.371 0.224 0.469

Eggshell thickness (µm) 330.43 334.88 337.24 328.16 330.87 1.99 0.620 0.717 0.541

a, bMean that there were significant difference between groups.

shape index, eggshell strength, yolk color score, Haugh unit,

and eggshell thickness compared with the control group (P >

0.05). However, dietary supplementation with lysozyme did not

affect the characteristics of egg quality parameters during the

laying phase.

3.3. Serum biochemical indices and
antioxidant status

Maintaining the laying hen’s health in good status is very

important because it ameliorates their protection against damage
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TABLE 4 E�ect of dietary supplementation with lysozyme on serum biochemical indices and antioxidant status.

Item Level of lysozyme SEM p-value

0 100 200 300 400 ANOVA Linear Quadratic

Biochemical index

ALT (U/L) 13.41 13.45 14.54 14.66 14.14 0.46 0.869 0.520 0.754

AST (U/L) 233.51 216.24 219.60 232.16 253.35 5.01 0.143 0.148 0.028

ALB (g/L) 27.90 29.06 28.59 30.16 30.49 0.54 0.533 0.102 0.265

TP (g/L) 45.48 46.94 44.71 48.32 47.41 0.72 0.519 0.326 0.607

BUN (mg/dl) 1.81 2.19 1.38 1.71 1.81 0.11 0.228 0.462 0.574

UA (µmol/L) 180.84 156.27 162.43 163.54 187.97 5.08 0.229 0.382 0.080

TG (mmol/L) 13.11 13.66 15.01 13.75 13.25 0.62 0.891 0.860 0.613

TC (mmol/L) 2.96 2.91 3.23 2.82 2.86 0.13 0.883 0.847 0.824

Ca (mmol/l) 3.35 3.45 3.32 3.46 3.41 4.00 0.779 0.623 0.875

P (mmol/l) 1.95 2.19 2.06 2.07 1.81 0.06 0.350 0.401 0.141

Antioxidant status

SOD(U/mL) 385.08 398.06 383.51 424.79 417.31 9.80 0.586 0.214 0.454

MDA (nmol/mL) 5.30 5.60 5.14 4.83 4.94 0.28 0.925 0.488 0.781

GSH-Px (µmol/L) 972.71 1,322.00 987.08 1,307.96 1,475.95 81.94 0.205 0.107 0.241

CAT (U/mL) 1.08 1.06 1.56 2.13 1.13 0.24 0.262 0.523 0.540

T-AOC (mM/mL) 0.56 0.49 0.47 0.63 0.65 0.04 0.511 0.298 0.298

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALB, albumin; TP, Total Protein; BUN, blood urea nitrogen; UA, Uric acid; TG, Triglycerides; TC, total cholesterol; Ca, Calcium;

P, phosphor; SOD, superoxide dismutase; MDA, malondialdehyde; GSH-Px, glutathione peroxidase; CAT, catalase; T-AOC: total antioxidant capacity.
a, bMean that there were significant difference between groups.

and increases laying performance. The results of hens’ serum

biochemical indices and their antioxidant status, when they were

fed with a diet supplemented with lysozyme, are shown in Table 4.

The results of Table 4 showed that there were no significant

differences in dietary supplementation with lysozyme on ALT, ALB,

TP, UN, UA, TG, TC, Ca, and P in the plasma of laying hens

compared with the control group (P > 0.05). Similarly, dietary

supplementation with lysozyme did not significantly influence

laying hens’ antioxidant status parameters (P > 0.05). As dietary

lysozyme levels increased, AST levels decreased quadratically (P =

0.028); the lowest AST levels were recorded with the 100 and 200

mg/kg lysozyme.

3.4. Plasma immune parameters

As laying hens’ immunity is very important for their resistance

to diseases, in this current research, the parameters of laying hens’

immunity were analyzed. Table 5 presents the results of laying hens’

immunity when their diet was supplemented with lysozyme.

As shown in Table 5, dietary supplementation with lysozyme

did not change the level of IFN-γ, IL-4, IL-6, IgA, IgG, IgM, and

TNF-α in plasma compared with the control group (both linear

and quadratic P > 0.05). The level of IL-2 (linear effect, P = 0.013;

quadratic effect, P = 0.033) in the 400 mg/kg lysozyme group was

significantly decreased compared with the control group (P< 0.05).

The highest levels of IgG and IgM were noted with 300 mg/kg and

200 mg/kg lysozyme, respectively, in the plasma of laying hens, but

there was no significant effect compared with the control group.

3.5. Intestinal morphology

Intestinal morphology plays an essential role in laying hens’ life

by influencing the gut microbiota. Then, its assessment was based

on the length and structure of the duodenum, jejunum, and ileum.

Table 6 shows the length and structure of laying hens’ intestines

when their diet was supplemented with lysozyme.

The results in Table 6 indicated that dietary supplementation

with lysozyme had no significant effect on the villus height, crypt

depth, and villus crypt ratio in the duodenum and ileum (P >

0.05), but a linear effect (P = 0.045) on the villus crypt ratio

in the duodenum was noted with increasing dietary lysozyme

concentration. In the jejunum, there was no difference in the villus

height and crypt depth (P > 0.05), but linear (P = 0.001) and

quadratic (P= 0.003) effects were observed on the villus crypt ratio

in the 200, 300, and 400 mg/kg lysozyme groups compared with the

control group.

3.6. Nutrient digestibility

As the nutrient digestibility of laying hens shows their feed

utilization, in this current study, the apparent nutrient digestibility

Frontiers in Veterinary Science 05 frontiersin.org106

https://doi.org/10.3389/fvets.2023.1273372
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Sindaye et al. 10.3389/fvets.2023.1273372

TABLE 5 E�ect of dietary supplementation with lysozyme on immunity index of laying hen.

Item Level of lysozyme SEM p-value

0 100 200 300 400 ANOVA Linear Quadratic

IFN-γ (pg/mL) 128.03 127.56 129.36 126.81 123.47 0.95 0.374 0.143 0.152

IL-4 (ng/L) 157.28 164.23 168.37 153.65 159.55 1.74 0.058 0.627 0.318

IL-2 (ng/L) 177.74a 171.44ab 171.78ab 175.14a 161.82b 1.62 0.020 0.013 0.033

IL-6 (ng/L) 47.91 45.82 45.64 47.66 46.36 0.37 0.166 0.631 0.428

IgA (ng/mL) 7,323.06 7,036.70 6,952.92 7,225.34 6,985.52 87.21 0.616 0.435 0.614

IgG (µg/mL) 93.91ab 88.39c 93.63ab 97.28a 92.48bc 0.74 0.003 0.253 0.524

IgM (ng/mL) 4,584.61ab 4,310.37b 4,701.51a 4,569.48ab 4,242.32b 54.77 0.031 0.276 0.216

TNF-α(ng/L) 69.73 71.67 72.70 71.11 74.45 0.65 0.203 0.052 0.154

IFN-γ, interferon-gamma; IL-4, interleukin 4; IL-2, interleukin 2; IL-6, interleukin 6; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M, TNF-α, tumor necrosis

factor α.
a, bMean that there were significant difference between groups.

TABLE 6 E�ect of dietary supplementation with lysozyme on intestinal morphology.

Item Level of lysozyme SEM p-value

0 100 200 300 400 ANOVA Linear Quadratic

Duodenum

Villus height (µm) 826.27 835.28 817.78 838.54 836.21 11.66 0.983 0.785 0.953

Crypt depth (µm) 110.94 103.22 97.20 96.98 99.94 2.35 0.315 0.089 0.087

Villus crypt ratio 7.59 8.10 8.48 8.68 8.46 0.17 0.249 0.045 0.063

Jejunum

Villus height (µm) 574.90 580.52 583.48 545.63 643.38 12.66 0.171 0.262 0.214

Crypt depth (µm) 100.52 106.34 86.81 75.95 82.61 4.19 0.112 0.023 0.074

Villus crypt ratio 5.80b 5.88b 6.84a 7.41a 7.91a 0.26 0.019 0.001 0.003

Ileum

Villus height (µm) 588.10 607.27 574.39 561.80 590.32 12.91 0.861 0.661 0.856

Crypt depth (µm) 80.90 77.38 70.99 69.69 73.10 1.74 0.220 0.056 0.066

Villus crypt ratio 7.30 7.91 8.17 8.09 8.13 0.18 0.561 0.158 0.230

a, bMean that there were significant difference between groups.

of laying hens was analyzed when their diet was supplemented

with lysozyme. Table 7 presents the results of lysozyme’s effect on

nutrient retention of laying hens.

Table 7 shows that the laying hens’ apparent retention of

organic matter, dry matter, and total energy was quadratically

increased when their diet was supplemented with lysozyme (P <

0.05) in comparison with the control group. The highest value

was observed with the 300 mg/kg lysozyme group which could

also increase (P < 0.05) laying hens’ apparent retention of crude

protein quadratically.

4. Discussion

In laying hens, feeding is one of the keys to successful egg

production performance and influences the benefits of farmers.

Our research showed that all levels of lysozyme had no significant

influence on laying rate, egg mass, soft and broken egg rate, feed

intake, FCR, and egg weight (P > 0.05) but significantly decreased

the sand-shelled egg during 4–8 weeks when compared with the

control group (P<0.05). Similarly, some studies reported that

dietary supplementation with lysozyme could improve the growth

performance of chicken and weaning piglets (16, 21, 23). However,

other investigations conducted on broiler chicken had shown that

dietary supplementation with lysozyme did not increase the growth

performance (17, 24, 25), which supports the results of our current

study. These differences should be influenced by several aspects

including the lysozyme level, enzyme activity, lysozyme production

technology, nutritive value of basal diet, management, and the

farm’s environment (25, 26). This result illustrated that dietary

supplementation with lysozyme impacted the laying performance

positively by improving the egg’s external quality (27). The decrease

in sand-shelled eggs by lysozyme should be influenced by its action

on defects of eggshell glands and calcium deposits which can often

be attributed to disturbance during the shell calcification in the

oviduct (28–30). The positive aspect of lysozyme on egg external
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TABLE 7 E�ect of dietary supplementation with lysozyme on nutrient retention of laying hens.

Item Level of lysozyme SEM p-value

0 100 200 300 400 ANOVA Linear Quadratic

Crude Protein (%) 34.04b 39.96b 35.82b 47.94a 35.48b 1.34 0.002 0.258 0.039

Organic matter (%) 72.01b 74.80b 74.44b 79.03a 72.28b 0.60 <0.001 0.271 0.006

Dry matter (%) 64.74c 68.12b 67.88ab 73.18a 65.07ab 0.71 <0.001 0.265 0.004

Total energy (%) 72.86b 76.04b 75.44b 80.55a 73.65b 0.66 <0.001 0.198 0.009

a, bMean that there were significant difference between groups.

quality should be attributable to the improvement of intestinal

morphology and nutrient retention. These improvements may be

due to the enhanced intestinal integrity for improved absorptive

capacity of nutrients (31, 32). In our current research, the intestinal

morphology in the jejunum and the apparent nutrient retention

were improved with lysozyme supplementation, but we did not

measure the apparent nutrient retention of calcium and total

phosphorus. However, because the information available on the

effects of supplementation with lysozyme on laying hens at the late

phase is scarce, more studies are necessary to comprehend how

lysozyme reduces the rate of sand-shelled eggs of laying hens.

There was no difference between the lysozyme group and

control group on the quality of qualified eggs, which shows that

dietary supplementation with lysozyme had no adverse effect on

eggs’ quality, and it can respond to the need for egg quality

production. Many factors can influence the egg quality of hens

including genetics, environment, behaviors, body weight, handling

eggs during collection, and the hen’s growth stage during the laying

period (27, 33, 34). The intestinal barrier function of laying hens

may be affected by the late phase, resulting in reduced digestive

enzyme activity and nutrient deposition, which negatively affects

egg quality after the peak laying period (35). However, dietary

lysozyme supplementation is safe for egg quality. There was no

significant effect on biochemical parameters, which showed that

the liver and kidney (health) of laying hens were not affected by

lysozyme, indicating its safety for laying hens breeding. This result

is similar to previous studies which reported that lysozyme is safe

and without toxicity (21, 36). Furthermore, ALT and AST are the

enzymes that characterize liver injury (37). Our research showed

that the AST level quadratically decreased with the increasing level

of lysozyme, which also indicates improved overall health (37).

In animals, the oxidation of dietary amino acids is characterized

by blood urea nitrogen (BUN) (38, 39). Our research showed that

lysozymes did not significantly change the BUN concentration

in plasma, which shows the proper utilization of dietary amino

acids by laying hens. However, it was found that on the 35th

day, 120 mg/kg lysozyme could improve the total protein and

globulin in the serum of broiler chickens (21). In contrast, it has

been reported that replacing colistin sulfate with lysozyme (100

mg/kg) reduced serum concentrations of total protein and globulin

(40). As the redox balance is essential to animal health, it may

influence the antioxidant capacity and free radical generation (41).

Our results showed that lysozyme did not significantly influence

the laying hens’ antioxidant capacity, which is relative to other

research studies (42). Similarly, dietary supplementation with

exogenous 90mg/kg lysozyme stimulated ileum SOD1 andGSH-Px

gene expression, resulting in a significant increase in intestinal

detoxification status against various xenobiotics (21). Lysozyme

is an important non-specific immune-modulating factor (43, 44).

In laying hens, immune organs and immune cells usually are

the components of non-specific immunity. Humoral immunity

is provided by lymphocytes; B cells and T cells are responsible

for cellular immunity. Many times, an examination of immune

function is conducted on basic IgG and IgM level indices (45).

IgG is very important in fighting bacterial and viral infection,

while IgM is considered a crucial immunoglobulin that works as

an anti-inflammatory response by causing other cells’ immune

systems to destroy foreign substances. The increase of IgM in the

plasma of laying hens indicates a better immune status (45, 46).

In this study, compared with the control group, no significant

effect of lysozyme on IgA, IgM, and IgG was observed (both linear

and quadratic P > 0.05), indicating that dietary supplementation

with lysozyme had no negative effect on immune function. As

central to the development and effector activities of immune

responses, cytokines are important components of the immune

and inflammatory responses (47). Our results showed that with

the increasing lysozyme level, the concentration of IL-2 in plasma

decreased linearly and quadratically, especially the 400 mg/kg had

the lowest IL-2 level, which indicates that lysozyme consumption

decreased pro-inflammatory cytokines of laying hens and improved

immune efficiency. Our results did not show a significant difference

for other cytokines (IL-4, TNF-α, IFN-γ, and IL-6), which is

relatively similar to previous research (16, 40). Consistently, the

piglets receiving the feed supplemented with lysozyme decreased

TNF-α when they were exposed to a challenging environment

(20, 39). These different results are likely due to our laying hens

raising in good management and low-stressed condition.

The small intestine is a vital organ for maintaining digestive,

endocrine, metabolic, and immune functions in animals (48).

This research indicated that supplementation with 200, 300,

and 400 mg/kg lysozyme improved significantly the laying hens’

villus crypt ratio in the jejunum (both linear and quadratic P

< 0.05). This result is similar to other authors who reported

that supplementation with lysozyme could improve the intestinal

morphology of chicken (21, 25, 36, 49). Lysozyme did not

significantly influence the structure of the ileum and duodenum.

These results are in agreement with the research conducted on pigs

(22, 40, 49). As the jejunum is in the middle of the small intestine

and is the primary site for the digestion and absorbing process,

this may explain why laying hens fed with a lysozyme diet have

the greatest influence on the jejunummorphology. Lysozyme could

quadratically improve the apparent retention of crude protein,
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total energy, and organic and dry matter, which indicates better

nutrition utilization by feeding laying hens with a lysozyme

diet. Consistently, it is reported that dietary supplementation

with lysozyme improves nutrient absorption in chickens and

pigs (50–52).

5. Conclusion

Dietary supplementation with lysozyme could increase laying

hens’ production performance by lowering the sand-shelled egg

rate and plasma IL-2 level and promoting the intestinalmorphology

of the jejunum, immune efficiency, and nutrient absorption.

The supplementation with 200 to 300 mg/kg lysozyme should

be recommended to farmers as the appropriate lysozyme for

laying hens breeding. This level of lysozyme could replace the

antibiotic use in laying hens feeding without more effect on the

famers’ profitability.
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Assessing the effects of 
microencapsulated Lactobacillus 
salivarius and cowpea seed 
supplementation on broiler 
chicken growth and health status
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Animal Biology and Nutrition, Balotesti, Romania, 2 Research Station for Sericulture Baneasa, Bucharest, 
Romania, 3 Laboratory of Food and Feed Quality, National Research Development Institute for Animal 
Biology and Nutrition, Balotesti, Romania

This study aimed to assess the nutritional quality of cowpea seeds (cv. Doljana 
– CSD) and the impact of partially replacing soybean meal with CSD, along with 
the supplementation of microencapsulated Lactobacillus salivarius (LS), on the 
growth performance, selected carcass traits, biochemical plasma profile, tibia 
bone quality, and microbial populations in the ceca and excreta of broiler chickens 
aged 1 to 35  days. A total of 432 mixed-sex Ross 308 broiler chickens, aged one 
day, were randomly allocated to four groups, with 108 birds in each group, further 
divided into 6 pens containing 18 birds each. The experimental design featured 
a 2  ×  2 factorial arrangement, with two cowpea seed levels (CSD0 and CSD15%) 
and the presence or absence (Yes/No) of microencapsulated LS probiotic (0 and 
1  g/kg feed). The experimental diets did not significantly influenced (p  >  0.05) 
production performances. However, the production efficiency factor was notably 
higher in the CSD0 (336.8%) and CSD15 (332.2%) groups with LS compared 
to CSD0 (322.4%) and CSD15 (320.6%) groups without LS supplementation. 
Regarding carcass traits, the CSD15 group with LS supplementation exhibited 
higher dressing (70.69%) and liver (2.47%) percentages compared to the other 
groups. Plasma profile analysis revealed significant reductions (p  <  0.05) in total 
cholesterol (from 115  mg/dL to 105  mg/dL) and triglycerides (from 54.80  mg/dL to 
46.80  mg/dL) in the CSD15 group with LS supplementation compared to the CSD0 
group, with or without LS supplementation. Moreover, the CSD15 group with LS 
had significantly higher total protein, albumin, and calcium levels and significantly 
lower (p  <  0.05) uric acid levels compared to the CSD0 group, irrespective of LS 
supplementation. Tibia bone traits and minerals showed no significant effects. 
However, the pH exhibited a linear decrease from 6.90 in the CSD0 group without 
LS to 6.69 in the CSD15 group with LS supplementation. In terms of cecal microbial 
populations, Coliforms decreased from 7.14  CFU/g in the CSD15 group without 
LS to 5.48  CFU/g in the CSD15 group with LS. Significant alterations were also 
observed in Clostridium spp., E. coli, Enterococcus spp., and Staphylococcus spp. 
in the ceca and excreta of the CSD15 group with LS supplementation compared 
to the CSD0 group, with or without LS supplementation. Beneficial bacteria, 
specifically Lactobacillus spp., significantly increased in the cecal content of 
CSD0 (9.06  CFU/g) and CSD15 (9.01  CFU/g) groups with LS compared to CSD0 
(8.41  CFU/g) and CSD15 (8.11  CFU/g) groups without LS. In summary, this study 
suggests that cowpea seeds can be used as a partial replacement for soybean 
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meal in broiler chicken diets, and microencapsulated Lactobacillus salivarius can 
be employed as a probiotic supplement.

KEYWORDS

broiler performance, cecal and excreta microflora, cowpea cv. Doljana, Lactobacillus 
salivarius, plasma profiles, tibia traits

1. Introduction

In recent years, there has been a growing interest among 
researchers in finding alternative and sustainable feed additives to 
enhance or maintain the overall productivity and health of broiler 
chickens (1). Some important aspects in this context are the 
welfare of broiler chicken, the use of probiotics and alternative 
protein sources.

Broiler welfare is a multifaceted concern in poultry production, 
encompassing issues related to production challenges, health 
problems, and the utilization of feed additives and probiotics (2, 3). 
Health problems in broilers often arise due to their rapid growth rates, 
leading to issues like leg disorders and cardiovascular problems (3), 
underscoring the need for holistic approaches to improve bird well-
being. The incorporation of feed additives and probiotics plays a vital 
role in addressing these concerns by promoting gut health, enhancing 
nutrient absorption, and bolstering immune responses, ultimately 
improving broiler welfare and productivity (4–6).

Among these additives, different strains of Lactobacillus spp., 
serving as probiotic bacteria (7–9), have gained attention. One 
particular strain, Lactobacillus salivarius (LS), is naturally found in the 
gastrointestinal tract of various animals, including chickens (10). 
When incorporated into broiler chicken feed as a dietary supplement, 
LS can have a positive impact on gut health, immune response, and 
nutrient absorption, ultimately enhancing performance and fostering 
a balanced gut microbiota for overall health (11). LS improve nutrient 
digestion and absorption, resulting in better feed conversion efficiency 
and growth in broiler chickens (12). Additionally, LS can boost the 
immune system, potentially reducing the need for antibiotics in 
broiler diets (13) and contributing to a more sustainable and 
environmentally friendly poultry practices and production system. 
However, it’s important to note that the effectiveness of LS may vary 
depending on the specific strain used, and not all strains provide the 
same benefits.

The primary protein source utilized in poultry diets is soybean, 
known for its optimal protein composition and minimal fiber content. 
However, the continuous escalation in soybean prices amplifies the 
already limited profitability of raising poultry breeds. Another 
challenge arises from the proposed prohibition on importing and 
distributing feed containing genetically modified plants (14). 
Concerns frequently arise among consumers regarding the potential 
risks associated with products derived from animals that have 
consumed genetically modified feed. The scarcity of plant proteins is 
a prevalent issue across the European Community, prompting diverse 
measures to address this problem. One potential solution for partially 
replacing soybean involves incorporating alternative legume seeds 
into diets like pea raw or processed (15, 16), lupine (17, 18), chickpea 
(19), or fava bean seeds (20, 21) for poultry nutrition. However, 

among these protein alternative sources, there is also noteworthy 
potential in considering the use of cowpea.

Cowpea seeds, a type of legume, have gained attention as a 
potential feed ingredient in broiler chicken diets due to their 
nutritional composition and availability, especially in regions like 
Romania (19, 22). Incorporating cowpea seeds into broiler diets can 
help reduce feed costs and dependence on imports, particularly when 
traditional protein sources are expensive or scarce. Cowpea seeds are 
rich in protein, amino acids, minerals, and vitamins, improving the 
nutrient content of broiler chicken diets (23). They also contain 
bioactive compounds with potential health benefits, which can 
positively influence broiler chicken health and performance (24). 
However, like other leguminous seeds, cowpea seeds may contain 
anti-nutritional factors that could hinder nutrient absorption and 
affect broiler performance if not properly processed or balanced in the 
diet (25).

To the best of our knowledge, there are no studies on the effects 
of microencapsulated LS combined with cowpea seeds in broiler 
chicken diets. Thus, we hypothesized that using microencapsulated LS 
may positively affect and/or maintain production performance due to 
the complementary effects of antimicrobial properties exerted by this 
probiotic with potential benefits on the health of chickens.

Therefore, the study aimed to test the combined effect of 
microencapsulated Lactobacillus salivarius and cowpea seeds cv. 
Doljana (CSD) on broiler chickens’ production performance, blood 
profiles, tibia traits, and cecal and excreta microbial population.

2. Materials and methods

2.1. Lactobacillus strains isolation and 
preparation of probiotic

The Lactobacillus salivarius strains (ID IBNA33 and ID IBNA41) 
were previously isolated from the intestinal content of healthy broilers 
(26). The lactic acid bacteria (LAB) were microencapsulated using a 
maltodextrin-glucose solution as thermoresistant during the spray 
drying process in a BUCHI Mini Spray Dryer B-290 Swiss-made 
(Labortechnik AG, Flawil, Switzerland) as described elsewhere (27). 
To evaluate the viability of microencapsulated LAB, 1 g of powder was 
mixed with 9 mL Man, Rogosa, Sharpe broth (MRS broth, Oxoid 
CM0361, Oxoid Ltd., England) on a magnetic agitator (200 rpm for 
30 min). After sample dilution in Phosphate-Buffered Saline (PBS, 
Oxoid Ltd., England), it was cultured on Man, Rogosa, Sharpe agar 
(MRS agar, Oxoid CM0361, Oxoid Ltd., England) and anaerobically 
incubated for 48 h at 37°C. The Lactobacillus salivarius-based probiotic 
mix 1:1 ratio (ID IBNA33 and IBNA41, w: w) used in the present trial 
had a 1 × 108 Colony Forming Units (CFU)/g−1 kg feed concentration.
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2.2. Cowpea seeds (Vigna unguiculata cv. 
Doljana)

The cowpea seeds (Vigna unguiculata cv. Doljana; CSD) used 
in this study, as partial replacement of SBM, were purchased from 
a certified seeds material supplier (Research-Development Station 
for Plant Culture on Sands, Dăbuleni, Dolj) that cultivated this 
variety in the southern part of Oltenia region in Romania. Doljana 
is a variety of cowpea characterized by good drought tolerance and 
resistance to pathogens, intended for grain production, suitable for 
both animals and human consumption. It is a semi-early variety 
with a vegetation period of 97 days. Productivity elements of the 
plant include 19.0 pods per plant, 11 seeds per pod, pods measuring 
14.2 cm in length, white seeds with a crude protein content of 22 
and 2.67% fat and it has the potential for a yield of 2,500 kg/ha. The 
raw feed ingredient in the form of beans was used grounded and 
integrated in the compound feed structure as a feed ingredient 
without any other processing.

2.3. Broilers management and experimental 
design

2.3.1. Ethical consideration
The experiment was conducted according to Directive 2010/63/

EU, Executive Order No. 28/31.08.2011, Romanian Law No. 
43/11.04.2014. The protocol procedures were approved by the Ethics 
Committee of the National Research Development Institute for 
Biology and Animal Nutrition (INCDBNA), Balotesti, Romania 
(protocol no. 3203/2019).

2.3.2. Broilers management
A total of 432 one-day-old mixed-sex Ross 308 broilers 

(average body weight of 46.66 ± 3.76 g) were used in a 35-days (d) 
feeding trial at the research Biobase of INCDBNA-Balotesti 
(Romania). Chicks were wing-tagged and raised in floor pens with 
wood shavings litter (10 cm) under standard management 
conditions in an environmentally controlled house. A light (L): 
dark (D) cycle of 23 L:1D was used from 1 to 7 d, and 20 L:4D from 
8 d until the end of the trial. A specific veterinary protocol 
vaccination for broilers was applied, including Marek’s, Newcastle, 
Gumboro and Infectious Bronchitis diseases.

2.3.3. Experimental diets
The broiler chickens were randomly divided into four groups in 

2 × 2 factorial designs comprised of two cowpea levels (CSD0 and 
CSD15%) with or without (Yes/No) microencapsulated Lactobacillus 
salivarius probiotic (0 and 1 g/kg feed). Each group had 6 replicates of 
18 broilers per replicate. The isonitrogenous and isocaloric starter 
(1–10 d), grower (11–24 d), and finisher (25–35 d) diets (Table 1) were 
formulated to meet Ross 308 nutrients recommendation (28). The 
LS-based probiotic mix 1:1 ratio (ID IBNA33 and IBNA41, w: w, 1 × 
108 CFU/g−1 kg feed) was mixed in the feed for each growing phase. 
The diets supplemented with probiotics were analyzed by conventional 
methods to confirm the lactobacilli content (1 × 107 CFU/g−1 kg feed). 
The diets were allowed in mash form, and water was supplied ad 
libitum during the trial.

2.4. Production performances

The chicks body weight (BW) was measured individually at the 
beginning (1 d) and at the end (35 d) of the trial to determine the body 
weight gain (BWG) during the experimental period (1–35 d). The feed 
intake and mortality rate per pen were recorded daily. The average 
daily gain (ADG), average daily feed intake (ADFI), feed conversion 
ratio (FCR) corrected for mortality and production efficiency factor 
(PEF) was calculated with appropriate formula (8).

2.5. Sample collection

Twelve broilers (six male and six female) per group were selected 
on d 35 for blood sampling, carcasses evaluation and intestinal 
microbial analyzes. Blood (4 mL/broiler) was sampled from the 
brachial vein using 23Gx3/4-gauge needles into a lithium-heparinized 
vacutainer for plasma collection.

Following the broilers were humanely slaughtered by cervical 
dislocation, the carcasses were plucked and eviscerated. The intestinal 
tract content was removed aseptically, and then the small intestine and 
cecal weight and length were recorded. The internal organs and the 
carcasses major parts (breast and legs) were dissected and weighed. 
Carcasses traits were expressed as relative weights or lengths, 
calculated as % of BW at slaughter.

Afterwards, both ceca’s cecal content was collected, sampled, and 
homogenized in sterile tubes. The pH was determined with a ProfiLine 
3,310 portable pH-meter (WTW Anlagenbau GmbH, Hamburg, 
Germany) from fresh cecal content, and then the samples were 
preserved at −20°C until microbial analysis.

Excreta samples were collected on day 35 from each pen (pooled 
of 8–10 fresh droppings per pen), homogenized, placed in plastic 
tubes and frozen at −20°C for further microbial analysis.

2.6. Blood plasma analysis

Blood samples were centrifuged at 3.000 rpm for 15 min 
(Centrifuge 5804R, Eppendorf AG, Hamburg, Germany) to collect 
plasma, it was then preserved in Eppendorf tubes at −20°C until 
analysis. The following blood constituents were determined: total 
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), 
triglycerides (TG), glucose (Glu), total protein (TP), albumin (Alb), 
total bilirubin (TBil), uric acid (UA), alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), gamma-glutamyl transferase 
(GGT), calcium (Ca) and inorganic phosphorus (IP) using a dry 
chemistry Spotchem EZ SP-4430 analyzer and solid-phase reagent 
(Spotchem, Arkray Inc., Japan). The globulin (Glb) concentration was 
determined (TP-Alb), and AST/ALT ratio was calculated.

2.7. Chemical analysis

The chemical composition (dry matter, crude protein, crude fat, 
crude fiber, ash, calcium, phosphorus) of feed ingredients and diet 
samples were determined in triplicate using standardized methods 
(29). The amino acid content of cowpea seed and compound feed 
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samples was performed using a reversed-phase high-performance 
liquid chromatography (RP-HPLC) method on a HyperSil BDS C18 
column, with silica gel, dimensions 250 × 4.6 mm, particle size 5 μm 
(Thermo-Electron Corporation, Waltham, MA, United  States), 
according to the method described by Varzaru et al. (30).

The right tibia bone was removed, boiled (100°C) for 10 min., 
defleshed and air-dried for 24 h in an Ecocell, oven. The weight of 
bone was determined with a precision scale (± 0.001; PS 2100.X2.M, 
RADWAG, Poland) and the length using a digital caliper (± 0.001; 
YT-7201, Toya, Poland). The bone density index was determined by 
dividing the bone weight (mg)/bone length (mm) (31). The bone ash 
content was determined by a gravimetric method (ISO 2171:2010) in 
a Caloris CL 1206 oven (Bucharest, Romania), calcium was analyzed 
by flame atomic absorption spectrometry (FAAS, SOLAAR M, 
Thermo Electron Inc., MA, United States) and phosphorus by UV–Vis 

spectrometry (Jasco V-530, Japan Servo Co. Ltd., Tokyo, Japan) 
according to standardized methods (32). The tibia ash percentage was 
determined relative to its dry weight, and the mineral content was 
expressed in mg per g of ash sample.

2.8. Cecal microbial population and excreta 
analysis

One gram of cecal content ten-fold serially diluted was 
homogenized with 7 mL Brain Heart Infusion broth (BHI, Oxoid 
Ltd., England) plus 2 mL glycerol and frozen at −20°C until 
analyzed after the methods previously described (26, 27). After 
defrost, samples were decimals diluted in Phosphate-Buffered 
Saline (PBS, Oxoid Ltd., England) and the following microbial 

TABLE 1 Ingredients and nutrients composition of diets.

Ingredients (g/
kg−1)

Starter (1 to 10 d) Grower (11 to 24 d) Finisher (25 to 35 d)

CSD0 CSD15 CSD0 CSD15 CSD0 CSD15

Corn 563.0 466.6 573.7 479.8 647.8 552.3

Soybean meal 331.0 272.0 315.6 255.0 251.0 191.0

Cowpea cv. Doljana 0.00 150.0 0.00 150.0 0.00 150.0

Corn gluten 43.0 43.0 40.0 40.0 35.0 35.0

Vegetable oil 15.0 21.0 29.0 34.0 25.0 31.0

Monocalcium phosphate 13.0 13.0 10.0 10.0 10.0 10.0

Calcium carbonate 15.0 15.0 14.0 14.0 12.0 12.0

Salt 2.80 2.80 2.80 2.80 2.80 2.80

L-Lysine (HCl) 3.20 2.40 1.70 1.00 2.90 2.20

DL-Methionine 3.10 3.30 2.30 2.50 2.60 2.80

Premix choline 0.80 0.80 0.80 0.80 0.80 0.80

Phytase 0.10 0.10 0.10 0.10 0.10 0.10

Premix vit + mina 10.0 10.0 10.0 10.0 10.0 10.0

L. salivariusb No/Yes No/Yes No/Yes No/Yes No/Yes No/Yes

Calculated composition (g/kg−1 except energy)

ME (MJ/kg−1) 12.56 12.57 12.98 12.97 13.20 13.21

Digestible lysine 13.4 13.4 11.8 11.7 10.5 10.4

Digestible SAA 9.7 9.7 8.7 8.6 8.4 8.3

Available phosphorus 4.5 4.5 4.5 4.5 4.0 4.0

Analyzed composition (g/kg−1)

Dry matter 899.9 897.8 898.6 897.9 896.6 895.1

Crude protein 230 230 220 220 195 195

Lysine 14.0 14.0 13.2 13.1 11.6 11.6

SAA 10.5 10.5 9.5 9.5 9.1 9.1

Calcium 9.9 9.9 9.0 9.0 7.9 7.9

Crude fat 43.8 51.0 57.7 64.0 55.7 62.9

Crude fiber 28.5 32.7 27.9 32.0 26.1 30.2

Crude ash 45.0 46.9 42.4 43.7 41.0 42.1

CSD, cowpea seeds cv. Doljana; ME, metabolisable energy; SAA, sulphur amino acids.
aSupplied per kg feed: vitamin A, 12000 IU; vitamin D3, 5,000 IU; vitamin E, 75 mg; vitamin K3, 3 mg; vitamin B1, 3 mg; vitamin B2, 8 mg; vitamin B6, 5 mg; vitamin B12, 0.016 mg; pantothenic 
acid, 13 mg; nicotinic acid, 55 mg; folic acid, 2 mg; biotin, 0.2 mg; Mn, 120 mg; Zn, 100 mg; Fe, 40 mg; Cu, 16 mg; I, 1.25 mg; Se, 0.3 mg.
bL. salivarius (1 × 108 CFU/g) 1 g/kg feed.
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counts: Enterococcus spp., was performed on Slanetz–Bartley agar 
(Oxoid CM0377, Oxoid Ltd., England); Salmonella spp., was 
evaluated on Salmonella-Shigella agar (Oxoid CM0099, Oxoid 
Ltd., England); Coliforms, were determined on MacConkey agar 
(Oxoid CM0007, Oxoid Ltd., England); Clostridium spp., were 
cultured on reinforced clostridial agar (Oxoid CM0151, Oxoid 
Ltd., England); E. coli (beta-hemolytic) was determined on sheep 
blood agar [Trypticase soy agar (TSA) 5% (w/v)] and incubated at 
37°C for 24 h in aerobic conditions; Lactobacillus spp., were 
determined on Man, Rogosa and Sharpe agar selective medium 
(Oxoid CM0361, Oxoid Ltd., England). The Lactobacilli (LAB)/ 
E. coli ratio was calculated. Results were expressed as log10 CFU/g 
of cecal content. The excreta samples collected were subjected the 
same methods as from cecal microbial population analyzes to 
determine the counts of Enterococcus spp., E. coli, Staphylococcus 
spp., Salmonella spp. and LAB as described elsewhere.

2.9. Statistical analysis

Data were analyzed by the general linear model procedure of 
SPSS 20.0 as factorial design (2 diets x 2 probiotic levels) using 
two-way analysis of variance (ANOVA). The model included the 
effects of diet, probiotics and their interaction: 
Yijk = μ + SDi + DTj + (D × DT) ij + eijk, where Yijk = the dependent 
variables; μ = general mean; SDi = diet effect; DTj = probiotic effect; 
(D × DT) ij = interaction between diet and probiotic; and 
eijk = random error. The graphs obtained were made in GraphPad 
Prism software, version 13.2 (GraphPad Software, La Jolla, CA, 
United States). The experimental unit for the growth performance 
was the replicate pen, while for the other variables; each bird sample 
was considered the experimental unit. The data are presented as the 
mean and standard error of the mean (SEM). Significant mean 
differences were considered at p < 0.05.

3. Results

3.1. Proximate composition and amino 
acids content of cowpea seeds (cv. 
Doljana)

The nutritional profile of the local variety of CSD is presented 
in Table  2. The CSD offer noteworthy proportions of essential 
nutrients, having substantial crude protein content and 
metabolizable energy, underlining their potential as a protein-rich 
and energy-dense feed source. Furthermore, the presence of crucial 
amino acids such as lysine, arginine, leucine, and threonine in 
appreciable amounts showcases their value in supporting broiler 
growth and development. Additionally, minerals like calcium and 
phosphorus emphasize their role in bone health and metabolic 
functions. The non-essential amino acids, particularly glutamine 
and asparagine, further contribute to the overall amino acid profile, 
enhancing the nutritional diversity of CSD. The calculated 
essential/non-essential amino acid ratio of 0.88 reflected a balanced 
amino acid composition that can complement other dietary 
components, supporting its potential application as a partial 
protein feed ingredient in broiler nutrition.

3.2. Effect of cowpea seeds (cv. Doljana) 
with or without microencapsulated 
Lactobacillus salivarius on productive 
performance and carcass characteristics of 
broilers

Table 3 presents broiler chickens’ growth performance metrics 
(BW, BWG, ADG, ADFI, FCR, and PEF) at the end of 35 experimental 
days. The inclusion of CSD had no significant impact on the broilers’ 
BW, BWG or ADG, whether with or without the addition of the 
probiotic LS. The interaction between these factors did not exert a 
significant influence (p > 0.05). Similar trends were observed for ADFI 
and FCR, indicating constant feed efficiency. These results led to no 
impact on the PEF among the groups as a response to CSD and LS 
(p > 0.05), although there was a tendency to increase CSD0 with LS 
supplement compared with the other groups.

TABLE 2 Analyzed composition and amino acids profile of cowpea seeds 
(cv. Doljana).

Cowpea (cv. Doljana)

Item (g/kg dry matter)

Dry matter 911

Crude protein 294

Crude fat 12.5

Crude fiber 52

Crude ash 47

Nitrogen-free extracta 600

Calcium 21.95

Phosphorus 59.28

Metabolisable energy (MJ/kg)b 12.70

Amino acids (g/kg dry matter)

Lysine 18.9 (100)

Methionine + Cysteine 7.0 (37)

Threonine 13.4 (71)

Leucine 18.3 (97)

Isoleucine 12.3 (65)

Arginine 18.4 (97)

Valine 11.6 (61)

Phenylalanine 13.3 (70)

Essential AA 113.20

Tyrosine 7.2 (38)

Serine 20.1 (106)

Glycine 7.6 (40)

Alanine 10.2 (54)

Asparagine 25.1 (133)

Glutamine 54.0 (286)

Non-essential AA 124.20

Essential/ Non-essential AA ratio 0.88

aNitrogen-free extract = Dry matter − (Crude protein + Crude fat + Crude fiber + Crude ash).
bCalculated (NRC, 1994); In brackets are given the amounts of AA relative to lysine.
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The data presented in Table  4 outlines the impact of CSD0 
compared to CSD15 and the presence of LS on dressing, breast, 
legs, liver, spleen, pancreas, bursa, small intestinal weight (SIW), 
small intestinal length (SIL), carcass weight (CW), and carcass 

length (CL). A significant increase (p < 0.05) in parameter value 
was observed for dressing percentage in both CSD15 groups 
compared with CSD0 groups. Breast percentage was higher 
(p < 0.05) in CSD0 versus CSD15 with or without LS supplement. 

TABLE 3 Effects of cowpea seeds cv. Doljana (CSD) with or without Lactobacillus salivarius (LS) on broilers growth performance.a

Variable Probiotic Overall (1 to 35 d)

Final BW (g) BWG (g) ADG (g/d) ADFI (g/d) FCR (g/g) PEF (%)

CSD0 No 1987 1921 56.51 98.18 1.74 322.4

CSD15 No 1968 1940 57.05 98.13 1.71 320.6

CSD0 Yes 2007 1961 57.67 97.89 1.70 336.8

CSD15 Yes 1993 1946 57.24 98.02 1.71 332.2

SEM 9.82 7.32 0.36 0.48 0.03 4.80

Main effects

CSD

CSD0 1997 1941 57.10 98.15 1.72 329.6

CSD15 1981 1943 57.14 98.10 1.71 325.4

LS

No 1978 1931 56.78 98.16 1.73 321.5

Yes 2000 1954 57.50 97.96 1.70 334.5

p Value

CSD NS NS NS NS NS NS

LS NS NS NS NS NS NS

CSD x LS NS NS NS NS NS NS

aMeans of 6 replicate pens (n = 18 birds/replicate); BW, body weight; BWG, body weight gain; ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion ratio; PEF, 
production efficiency factor. SEM, standard error of means; LS, Lactobacillus salivarius (1 × 108 CFU/g) 1 g/kg feed.

TABLE 4 Effects of cowpea seeds cv. Doljana (CSD) with or without Lactobacillus salivarius (LS) on carcass characteristics1 of broilers.

Variable Probiotic Parameters, %

Dressing Breast Legs Liver Spleen Pancreas Bursa SIW SIL CW CL

CSD0 No 67.20 25.48 18.51 2.37 0.089 0.277 0.063 4.95 9.411 0.762 1.70

CSD15 No 69.18 21.84 18.33 2.45 0.094 0.278 0.094 5.75 11.52 0.699 2.00

CSD0 Yes 69.23 25.70 18.34 2.06 0.110 0.251 0.085 5.24 10.84 0.741 1.79

CSD15 Yes 70.69 22.44 18.90 2.47 0.106 0.264 0.080 4.88 10.47 0.593 1.74

SEM 0.44 0.70 0.20 0.047 0.003 0.008 0.004 5.21 10.56 0.70 1.81

Main effects

CSD

CSD0 68.22b 25.59a 18.43 2.21b 0.100 0.264 0.074 5.10 10.12b 0.752 1.75

CSD15 69.91a 22.14b 18.62 2.46a 0.100 0.271 0.087 5.32 10.99a 0.646 1.87

LS

No 68.17b 23.66 18.42 2.41a 0.092b 0.278 0.078 5.35 10.46 0.731 1.85

Yes 69.96a 24.07 18.62 2.27b 0.108a 0.257 0.083 5.06 10.65 0.668 1.77

p Value

CSD 0.040 0.014 NS 0.002 NS NS NS NS 0.05 NS NS

LS 0.030 NS NS 0.048 0.008 NS NS NS NS NS NS

CSD x LS NS NS NS 0.030 NS NS NS 0.029 0.009 NS NS

1n = 12 birds/group; SEM, standard error of means; SIW, small intestine weight; SIL, small intestine length; CW, cecum weight; CL, cecum length. LS, Lactobacillus salivarius (1 × 108 CFU/g) 
1 g/kg feed. a,bMeans with different superscript within a column differ (p < 0.05).
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A significant effect (p < 0.05) was noted for the liver in CSD15 
groups compared with the CSD0 groups. Overall, the main effect 
of CSD was significant only in dressing, breast and liver. The spleen 
parameter was significantly (p < 0.05) altered in the CSD with LS 
compared to CSD without LS groups. The interaction effects were 
particularly pronounced for liver, SIW and SIL parameters.

3.3. Effect of cowpea seeds (cv. Doljana) 
with or without microencapsulated 
Lactobacillus salivarius on plasma profile of 
broilers

The results from Table  5 show the effects of CSD with or 
without LS supplementation on various plasma profiles of broilers 
like total cholesterol (TC), HDL cholesterol (HDL-C), triglycerides 
(TG), glucose (Glu), total protein (TP), albumin (Alb), globulin 
(Glb), total bilirubin (TBil), uric acid (UA), aspartate 
aminotransferase (AST), alanine aminotransferase (ALT), AST/
ALT ratio, gamma-glutamyl transferase (GGT), calcium (Ca), 
inorganic phosphate (IP), and the Ca/IP ratio. Comparing the 
main effects of CSD with LS led to significantly reduced (p < 0.05) 
TC and TG levels in groups with LS supplement, signifying 
improved lipid metabolism. The CSD15 significantly increased 
(p < 0.05) TP and Alb levels, suggesting enhanced protein synthesis. 
The LS supplementation also showed significant (p < 0.05) main 
effects for the same parameters in the protein plasma profile, while 
the UA parameter was significantly lower (p < 0.05) in groups with 
LS supplement versus the groups without. Further, the ALT was 
reduced by 39.19% in the presence of LS, indicating improved liver 
health. In the mineral profile, Ca and IP were significantly higher 
(p < 0.05) as a main effect of CSD15, while the presence of LS on 
Ca was significantly increased (p < 0.05), indicating potential 
modulation of calcium metabolism. However, the interaction 
effects were not statistically significant for any other variable, 
suggesting that the combined influence of CSD and LS presence 
did not lead to differences beyond their individual effects.

3.4. Effect of cowpea seeds (cv. Doljana) 
with or without Lactobacillus salivarius on 
tibia bone traits and mineralization of 
broilers

The results presented in Table 6 revealed the effects of CSD and 
LS on tibia traits and mineral content in broilers at 35 days of age. 
Analyzing tibia traits and minerals, the main effects of cowpea seed 
supplementation show that CSD0 had slightly higher tibia weight and 
length than CSD15, although these differences were not statistically 
significant (p > 0.05). Similarly, CSD0 displayed slightly higher ash 
content but lower Ca and P levels in the tibia compared to CSD15. 
Regarding LS supplementation, no significant differences were 
observed in tibia traits or mineral content between broilers receiving 
the probiotic and those that did not, suggesting that LS may not exert 
an influence on these parameters at the given dosage. The lack of 
significant interactions indicates that the combined effect of CSD and 
LS on tibia traits and mineral content was not evident in the 
measured parameters.

3.5. Effect of cowpea seeds (cv. Doljana) 
with or without microencapsulated 
Lactobacillus salivarius on cecal and 
excreta microbial populations of broilers

The effects of CSD and LS on microbial counts in the cecum and 
excreta of broiler chickens at 35 days of age are reported in Figures 1, 
2. Comparing CSD0 to CSD15, the microbial responses in the ceca 
demonstrate certain trends (Figure 1). Across most parameters, the 
microbial counts appear to decrease from CSD0 to CSD15. This 
decrease is particularly evident for E. coli, Coliforms, and Clostridium 
spp. counts. However, these trends do not reach statistical significance 
(NS), suggesting that the differences might be within the range of 
random variation. Notably, the LAB/E. coli ratio remains relatively 
stable across CSD groups, indicating a potential balance between 
beneficial and potentially harmful microbes in the gut. As expected, 
LS appears to have more pronounced effects on microbial populations, 
exhibiting a significant (p < 0.05) decrease in Coliforms, Clostridium 
spp., and especially in E. coli counts. However, the presence of LS in 
the broiler’s diets increased (p < 0.05) the Lactobacilli count compared 
with the groups without LS supplement, which led to elevated 
LAB/E. coli ratio, suggesting a beneficial impact on the balance of gut 
microbial communities and the growth of beneficial lactic acid 
bacteria in the ceca. The interaction between LS and CSD is 
particularly intriguing. LS presence seems to counteract the potential 
reduction in Coliforms counts that might be associated with CSD15. 
This interaction, however, does not reach statistical significance 
(p > 0.05). Further, analyzing the individual effects of CSD, it is evident 
that CSD15 led to slightly lower microbial counts for Enterococcus spp. 
and E. coli compared to CSD0.

The main effects analysis reveals the differences in Enterococcus 
spp. and Staphylococcus spp. counts were significantly influenced 
(p < 0.05) by LS supplementation in excreta (Figure 2), suggesting a 
potential role of the probiotic in modulating these microbial 
populations. The results also show that CSD15 led to significantly 
higher (p < 0.05) Lactobacillus spp. counts compared to CSD0 indicate 
a possible effect of cowpea seed inclusion on Lactobacillus spp. 
populations. Overall, the findings from Figure  2 suggest that LS 
supplementation had a more pronounced effect on excreta microbial 
counts compared to CSD inclusion. The reduction in Enterococcus 
spp., and Staphylococcus spp., counts with microencapsulated LS 
supplementation may positively impact gut health by promoting a 
more beneficial microbial balance.

4. Discussion

4.1. Proximate composition and amino 
acids content of cowpea seeds (cv. 
Doljana)

The compositional analysis results presented in Table  2 
demonstrate that CSD exhibited elevated levels of crude protein, 
metabolizable energy, crude fiber, and phosphorus. Nutritionally, the 
protein profile of CSD indicated that the primary essential amino 
acids were lysine (18.9 g kg−1 DM), arginine (18.4 g kg−1 DM), leucine 
(18.3 g kg−1 DM), threonine (13.4 g kg−1 DM), and phenylalanine 
(13.3 g kg−1 DM). Glutamine and asparagine (54.0 and 25.1 g kg−1 

117

https://doi.org/10.3389/fvets.2023.1279819
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Lefter et al. 
10

.3
3

8
9

/fvets.2
0

2
3.12

79
8

19

Fro
n

tie
rs in

 V
e

te
rin

ary Scie
n

ce
fro

n
tie

rsin
.o

rg

TABLE 5 Effects of cowpea seeds cv. Doljana (CSD) with or without Lactobacillus salivarius (LS) on plasma profiles1 of broilers.

Variable Probiotic Lipid Protein Enzyme Mineral

TC 
mg/dl

HDL-C 
mg/dl

TG 
mg/dl

Glu 
mg/dl

TP g/
dl

Alb 
g/dl

Glb 
g/dl

TBil 
mg/dl

UA 
mg/dl

AST 
U/L

ALT 
U/L

AST/ 
ALT

GGT 
U/L

Ca 
mg/dl

IP 
mg/dl

Ca/IP 
ratio

CSD0 No 115 71.05 54.80 252 2.26 1.00 1.26 0.24 3.54 218 7.40 33.55 51.00 10.98 5.88 1.86

CSD15 No 108 68.38 53.40 250 2.58 1.22 1.36 0.26 3.58 207 7.40 35.46 56.40 13.80 6.98 1.97

CSD0 Yes 107 69.55 49.20 256 2.50 1.18 1.32 0.26 2.88 197 4.20 48.37 53.40 13.80 6.20 2.22

CSD15 Yes 105 69.30 46.80 268 2.72 1.38 1.34 0.29 2.48 210 4.80 50.20 59.00 13.42 6.84 1.96

SEM 2.21 1.23 0.82 2.85 0.06 0.04 0.038 0.01 0.15 9.04 0.54 4.13 1.99 0.34 0.20 0.06

Main effects

CSD

CSD0 111 70.30 52.00 254 2.38b 1.09b 1.29 0.25 3.21 207 5.80 40.96 52.20 12.39b 6.04b 2.05

CSD15 112 68.84 50.10 259 2.65a 1.30a 1.35 0.28 3.03 209 6.10 42.83 57.70 13.61a 6.91a 1.97

LS

No 116a 70.92 54.10a 251 2.42b 1.11b 1.31 0.25 3.56a 213 7.40 a 34.50 53.70 12.39b 6.43 1.93

Yes 106b 69.42 48.00b 262 2.61a 1.28a 1.33 0.27 2.68b 204 4.50 b 49.28 56.20 13.61a 6.52 2.09

p Value

CSD NS NS NS NS 0.01 0.04 NS NS NS NS NS NS NS 0.03 0.03 NS

LS 0.02 NS 0.0001 NS 0.04 0.02 NS NS 0.002 NS 0.006 NS NS 0.03 NS NS

CSD x LS NS NS NS NS NS NS NS NS NS NS NS NS NS 0.006 NS NS

1n = 12 birds/group; SEM, standard error of means; TC, total cholesterol; HDL-C, high density lipo-protein cholesterol; TG, triglycerides; Glu, glucose; TP, total protein; Alb, albumin; TBil, total bilirubin; UA, uric acid; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; GGT, gamma glutamyl transferase; Ca, calcium; IP, inorganic phosphorus. LS, Lactobacillus salivarius (1 × 108 CFU/g) 1 g/kg feed. a,bMeans with different superscript within a column differ (p < 0.05).

118

https://doi.org/10.3389/fvets.2023.1279819
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Lefter et al. 10.3389/fvets.2023.1279819

Frontiers in Veterinary Science 09 frontiersin.org

TABLE 6 Effects of cowpea seeds cv. Doljana (CSD) with or without Lactobacillus salivarius (LS) on tibia traits and mineralsa at 35  d of age.

Variable Probiotic Tibia traits and minerals

Weight g Length mm W/L index mg/mm Ash % Ca mg/g P mg/g Ca/P ratio

CSD0 No 9.20 91.6 101 59.67 304 195 1.56

CSD15 No 8.99 87.6 103 56.99 311 200 1.55

CSD0 Yes 9.57 89.2 107 59.22 301 203 1.48

CSD15 Yes 9.07 87.2 104 55.97 314 204 1.54

SEM 0.16 0.95 1.86 0.62 2.54 1.62 0.01

Main effects

CSD

CSD0 9.39 90.4 104 59.44 303 199 1.52

CSD15 9.03 87.4 103 56.48 312 202 1.55

LS

No 9.10 89.6 102 58.33 308 197 1.56

Yes 9.32 88.2 106 57.59 307 203 1.51

p value

CSD NS NS NS NS NS NS NS

LS NS NS NS NS NS NS NS

CSD x LS NS NS NS NS NS NS NS

an = 12 birds/group; SEM, standard error of means. LS, Lactobacillus salivarius (1 × 108 CFU/g) 1 g/kg feed; W/L index, weight to length ratio; Ca, calcium; P, phosphorus.

FIGURE 1

Effects of cowpea seeds cv. Doljana (CSD) with or without Lactobacillus salivarius (LS) on cecal pH and microbial counts (log10 CFU/g) at 35 d of age.
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DM) constituted the predominant non-essential amino acids, while 
there was a deficiency of sulphur-containing amino acids (7.0 g kg−1 
DM). The results indicated that essential amino acids constituted 
46.86% of the total amino acids content in CSD, with non-essential 
amino acids accounting for 53.16%, resulting in an essential/
non-essential amino acids ratio of 0.88. Our findings align with 
earlier studies (19, 22), which reported similar chemical composition 
for Romanian cowpea seeds (cv. Ofelia and Aura), Anjos et al. (33) 
for two Mozambican cowpea varieties (Nhemba and Black-eyed 
beans), and Tshovhote et al. (34) for three South-African cowpea 
cultivars (Glenda, Agrinawa, and Indigenous). Additionally, it was 
noted that the higher protein digestibility (> 75%) of cowpea could 
enhance the bioavailability of essential amino acids of significance 
in poultry feed (34, 35). In contrast, other earlier research reported 
varying crude protein content for cowpea seeds (Vigna unguiculata), 
ranging from 20 to 24.7% (23, 36, 37), or higher crude protein 
(29.18%) as indicated by Gumaa et al. (38), when compared to the 
results of the current study. These findings, however, align with the 
protein content of major legumes (36, 37). The divergent results 
found in the scientific literature, particularly concerning crude 
protein content, which demonstrates considerable variability 
(ranging even from 13.95 to 39.24%), may be attributed to genetic 
disparities between different lines or varieties, diverse cultivation 
and agro-climatic conditions, and postharvest management practices 
(39, 40). However, care must be taken to the anti-nutritional factors 
presence in cowpea seeds. Literature data showed that these seeds 
contain mainly phytic acid (phytate), tannins, protease and trypsin 
inhibitors, as well as lectins and oxalates (41, 42). The presence in 
high amounts of tannins, phytic acid and lectins might interfere with 
the absorption of essential nutrients such as proteins and minerals 
while the protease inhibitors and trypsin inhibitors can inhibit the 
activity of digestive enzymes responsible for breaking down proteins. 
However, cowpea seeds contain lower amounts of such anti-
nutritional factors compared with other seed legumes as reported in 
the literature (43). Nevertheless, to mitigate the negative effects of 
anti-nutritional factors in cowpea seeds, proper processing methods, 
such as soaking, boiling, or heat treatment, are often employed to 
reduce their levels and improve the nutritional value of the seeds (41, 
42). Additionally, formulating diets that balance the inclusion of 
cowpea seeds with other feed ingredients and supplements can help 
ensure that broilers receive adequate nutrition while minimizing the 
adverse effects of anti-nutritional factors. It’s essential to carefully 

manage the inclusion of cowpea seeds in broiler diets to optimize 
production and maintain good health.

4.2. Effect of cowpea seeds (cv. Doljana) 
with or without microencapsulated 
Lactobacillus salivarius on productive 
performance and carcass characteristics of 
broilers

In this study, feeding broiler chickens 35 days with CSD with or 
without LS as a partial replacement of SBM did not affect production 
performances. The lack of significant differences in BW, BWG, ADG, 
ADFI, FCR, and PEF, reported in Table 3, is consistent with similar 
studies that have explored the impact of various types of cowpeas as 
alternative protein sources or probiotics on broiler growth. Osunbitan 
et al. (44) reported that incorporating cowpea at 20% inclusion level 
in broiler starter phase diets depressed (p < 0.05) ADFI, WG and FCR 
but caused no significant (p > 0.05) effect on FI, BWG and FCR of 
broilers when added to finisher phase diets. The reason for poor 
growth indices during the starter phase in the mentioned study may 
be due to the fact that the digestive system of young broilers is not 
tolerant of residual anti-nutritional factors in cowpea. However, in our 
case, the usage of LS supported the digestion of the cowpea from the 
starter phase till the end of the experiment. Similarly, Belal et al. (45) 
showed that 15% of dehulled cowpea treated with enzymes showed 
better effects than untreated cowpea seeds but without a significant 
effect on performances (p > 0.05). Also, 10 and 20% of cowpea (cv. 
Ofelia) as partial replacement of SBM had no significant (p > 0.05) 
effect on production performances in broiler chickens (19). 
Conversely, Akanji et  al. (46), reported that broilers fed diets 
containing 20% raw, dehulled, dehulled cooked, and dehulled roasted 
cowpea from the Southwestern Nigeria variety exhibited significantly 
reduced growth performance, accompanied by mortality rates ranging 
from 5 to 15% per group. This adverse outcome was attributed to the 
elevated presence of protease inhibitors and lectins, which adversely 
impacted protein digestibility and the broilers’ absorption and 
utilization of minerals. Recent research by Danek-Majewska et al. (47), 
pointed out that substituting 50% of SBM with raw chickpeas led to 
decreased FI and FCR. These authors suggested that tannins play a 
detrimental role by compromising protein digestibility by forming 
protein-tannin complexes. However, the results from our current 

FIGURE 2

Effects of cowpea seeds cv. Doljana (CSD) with or without Lactobacillus salivarius (LS) on excreta microbial counts (log10  CFU/g) at 35  d of age.
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investigation indicate that the supplementation of LS facilitates 
optimal nutrient absorption from the starter to the finisher phase.

While most studies on dietary CSD focus primarily on production 
performance, there is a lack of reports concerning alterations in 
carcass characteristics of broilers fed with cowpea with or without 
probiotics. Consequently, this study contributes novel insights 
(Table  5). Despite the absence of differences in the final BW, the 
CSD15 with LS treatment exhibited significantly greater dressing and 
liver percentages (p < 0.05) than the other groups. Another noteworthy 
finding is the elevated proportion of breast percentage in CSD0 
compared to CSD15 and the higher SIL in the CSD15 group compared 
to the CSD0 group without LS supplement. This aligns with the 
observations made by Kana et  al. (48), who reported that 
supplementing 20% cooked cowpea with plant charcoals led to 
increased dressing, liver, gizzard, pancreas, and SIL in broilers. 
However, no additional characteristics were provided. In contrast, 
Abdelgani et al. (49) did not report any discernible effects on dressing, 
pancreas, or liver relative weights. Musa et al. (50) explored the use of 
10 and 20% cowpea with or without molasses supplementation, 
reporting mixed results. None of the diets significantly impacted 
dressing, but the 10% cowpea with molasses supplementation led to 
higher liver and gizzard weights. In comparison the 20% cowpea 
without molasses showed reversed effects compared to the control diet 
(50). Nevertheless, as seen in the current study, further investigation 
is warranted, given the scarcity of similar dietary treatment reports. 
Overall, it is crucial to consider a range of factors, including genetic 
variability in cowpea varieties, agro-climatic conditions, broiler breed, 
diet composition, and environmental conditions, all of which can 
contribute to diverse outcomes.

4.3. Effect of cowpea seeds (cv. Doljana) 
with or without microencapsulated 
Lactobacillus salivarius on plasma 
constituents of broilers

An important element in assessing the effectiveness of CSD with 
or without LS supplementation in broiler nutrition is the 
determination of the course of metabolic processes reflected in 
changes in the values of the biochemical plasma profile. The existing 
literature furnishes limited insights into the influence of CSD on 
plasma parameter levels, primarily focusing on chickpea’s impact on 
production performance (47, 51, 52). The blood biochemical profile 
proves invaluable in appraising potential adverse effects on animal 
health. In this study, the plasma profile values adhered to species-
specific reference ranges (53), with no negative health alterations 
resulted after including CSD with or without LS in broiler diets. The 
addition of CSD15 with LS to the diet significantly lowered (p < 0.05) 
the levels of crucial markers of lipid metabolism, TC, and TG, which 
align with earlier observations (54, 55). This beneficial effect might 
be attributed to CSD addition, which has substantial protein content 
and residual antinutritional factors that could influence the intestinal 
absorption of sterols, thus affecting cholesterolemia. While dietary 
legumes are known to contribute to TC reduction, the modulation of 
cholesterol concentration due to their dietary protein content remains 
an ongoing area of research. Further, TP and Alb parameters 
significantly increased in both CSD15 groups compared with CSD0, 
offering valuable insights into protein metabolism intensity. This result 

is in line with previous findings of Danek-Majewska et  al. (47) 
reporting that TP is a helpful parameter for evaluating the nutritional 
status, animal health, and condition. Furthermore, the decreased UA 
concentration in the blood plasma of the CSD0 and CSD15 groups 
with LS supplementation, in contrast to CSD0 and CSD15 groups 
without LS supplement, suggests elevated utilization of absorbed 
protein, reflected in the enhanced breast slaughter yield observed in 
broilers receiving CSD15 without LS supplement. This observation 
aligns with the findings of Scanes (53) in broilers fed chickpeas and 
with Rezende et al. (56), which associated cowpea diets with favorable 
feed intake and nutritional balance in diets. As the liver assumes a 
pivotal role in organismal detoxification, the assessment of liver 
enzyme activity serves as a reliable indicator of the health safety of 
CSD and LS in broiler diets. The intracellular enzyme activities of ALT 
and the AST/ALT ratio significantly increased in the CSD0 and 
CSD15 groups without LS supplement. Nonetheless, the values for all 
groups remained within the reference range (50 U/L), indicating the 
birds’ robust health and optimal liver function (57). This underscores 
that CSD does not exert detrimental effects on liver cells or skeletal 
muscles, corroborating findings by Ciurescu et  al. (19), which 
indicated that raw cowpea and chickpea seeds do not adversely impact 
liver function. Recently it was reported that some liver enzymes might 
be relate to growth potential, as they are associated with bone growth 
and osteoblast activity (47). This aligns with bone quality assessment 
results, which revealed that CSD inclusion in the diet does not 
compromise tibia bone traits (Table 6). Lastly, the mineral profile in 
broiler plasma exhibited a significant elevation in Ca content within 
group CSD15 with and without LS, whereas IP increased only in the 
CSD15 group. Augmenting Ca levels in broiler diets assume 
significance in fostering bone development and overall skeletal health, 
ensuring the birds can uphold their body weight and avoid leg 
disorders. Appropriate Ca levels are pivotal for proper heart function 
and muscle contraction, vital components underpinning broiler 
chickens’ growth, mobility, and vitality. Recent findings indicated that 
both 10 and 20% cowpea and 10 and 20% chickpeas legumes type 
significantly elevated Ca concentration in broilers (15, 19, 22). 
Conversely, Danek-Majewska et al. (47) reported no discernible effect 
on Ca levels in broilers fed chickpeas.

4.4. Effect of cowpea seeds (cv. Doljana) 
with or without microencapsulated 
Lactobacillus salivarius tibia bone traits and 
mineralization of broilers

The arrangement of bones, along with their morphometric 
characteristics and structural attributes, plays a vital role in 
determining the capacity of bones to fulfill their fundamental roles, 
which involves providing essential structural support and facilitating 
typical movement. The effect of CSD with or without LS did not exert 
significant differences in the weight, length or weight/length ratio. The 
tested diets also had no significant effects on minerals, however, there 
were some tendencies to increase the calcium and phosphorus in the 
CSD15 with or without LS supplement. These observations are not 
consistent with some literature reports where different protein legume 
types were tested. The replacement of SBM with chickpea seeds had a 
significant effect on increasing the weight and length of the bones in 
broilers, while similar ash values, with increased calcium and slight 
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alteration of phosphorus, were reported (58). Others reported that 
olive leaf and marigold extracts had adverse effects on tibia bone (59), 
while Abbas & Khauoon, (60) reported that grape seed extract 
increased tibia bone without any other modifications. These authors 
suggested that the antioxidant compounds or polyphenols from the 
tested plants could lower oxidative stress and strength the tibia bone 
through various mechanisms. However, similar to our results, Shah 
et  al. (61) reported that zinc and multistrain probiotics on bone 
characteristics in broilers reared under cyclic heat stress were not 
significantly affected. Also, Ciurescu et al. (22) obtained similar results 
when cowpea partially substituted SBM and supplemented with 
Bacillus subtilis. These authors reported similar results also for mineral 
content in tibia bone. This effect is beneficial because calcium and 
phosphorus are the most abundant minerals in bones, and their 
distribution influences the formation and mineralization of bone. The 
increased concentration of tibia calcium and phosphorus might 
be associated with increased mineral absorption from the CSD15 diets 
compared with CSD0. Nevertheless, since little information is 
available on this subject, further investigations are required to better 
understand these effects.

4.5. Effect of cowpea seeds (cv. Doljana) 
with or without microencapsulated 
Lactobacillus salivarius on microbial 
populations in ceca and excreta of broilers

The establishment of microbial equilibrium within the 
gastrointestinal community plays a pivotal role in sustaining optimal 
digestive function, facilitating the effective control of potentially 
pathogenic microorganisms within the intestinal tract (62). 
Lactobacilli possess the capability to suppress the proliferation of 
disease-causing bacteria. In this study, the CSD15 diet supplemented 
with microencapsulated LS exerted significant effects on decreasing 
pH value, Coliforms, Clostridium spp., E. coli in the ceca and the 
Enterococcus spp., and Staphylococcus spp., in the excreta. The 
proliferation of Lactobacilli beneficial bacteria counts was significantly 
higher in both ceca and excreta of CSD15 group with LS supplement 
compared to CSD0. These beneficial effects are in line with other 
previous studies where the LS effect was studied on microbial 
populations in poultry. In the study of Shokryazdan et al. (63), LS 
supplementation improved intestinal health and histomorphology of 
broilers. Similarly, LS showed a protective role against E. coli 
colonization in laying hens’ gut and excreta as reported by Wang et al. 
(13). Similarly, Ding et  al. (64) reported the same effect when 
Lactobacillus plantarum was tested against E. coli. This effect is 
beneficial for chickens’ immunity because E. coli is able to multiply in 
large numbers in the host body and cause peritonitis, salpingitis, and 
pneumonitis, while under optimal breeding conditions marked by 
appropriate temperature, humidity, ventilation, and fecal management, 
the occurrence of colibacillosis is effectively prevented (13). Previous 
studies have evaluated the antioxidant activity of various Lactobacillus 
strains and indicated that LS showed good antioxidative properties (6, 
65), alleviating possible detrimental effects in the monogastric gut. In 
the present study, CSD15 with LS supplementation elevated the 
beneficial bacteria such as Lactobacilli in the ceca and excreta. In line 
with these results, Shokryazdan et al. (63) showed that the LS strains 
had beneficial modulatory effects on the intestinal microflora of 

broilers fed 0.5 or 1 g kg−1 Lactobacillus strains, meaning that the 
populations of cecal beneficial bacteria (lactobacilli) were significantly 
increased, while populations of harmful bacteria (E. coli) were 
decreased. L. salivarius strains showed significant probiotic properties 
when used in broiler chickens, by decreasing the ceca pH, ammonia 
emissions, and E. coli, while increasing the counts of lactobacilli as 
reported by others (66). Previously it was reported that 20% of cowpea 
with Bacillus subtillis supplement decreased the E. coli and coliforms, 
but no effect on lactobacilli count was reported (19). In this context, 
it’s reasonable to consider that there might be a beneficial interaction 
between CSD15 and microencapsulated LS, which could enhance 
their combined effectiveness. While the exact mechanisms need more 
clarification, the positive results observed in this study could come 
from various factors. These include potential competition for 
nutrients, attachment sites on the intestinal wall, the release of 
antimicrobial substances by the probiotic LS, or a combination of 
these complex actions. This combined effort likely reduces 
gastrointestinal harmful microorganisms, which deserves more 
in-depth investigation for a better understanding.

4.6. Study limitation and practical 
implications

While this study demonstrated the potential benefits of 
incorporating cowpea seed and Lactobacillus salivarius into broiler 
diets, it is essential to acknowledge that the study primarily focused 
on a specific cowpea variety (Doljana) and Lactobacillus salivarius 
strain, which might represent a study limitation. Variability in the 
chemical composition of cowpea seeds, processing conditions, and the 
specific strain of Lactobacillus used may influence the observed effects. 
It is essential to acknowledge that individual farm conditions, bird 
genetics, and environmental factors may influence the observed 
outcomes. Further research is needed to explore a broader range of 
cowpea varieties, processing methods, and Lactobacillus strains to 
comprehensively assess their applicability in commercial 
broiler production.

As practical implication, the findings of this study suggest that 
incorporating cowpea seed and Lactobacillus salivarius into broiler 
diets has the potential to improve performance and health parameters. 
To maximize the practical benefits, producers may consider selecting 
cowpea varieties with favorable nutritional profiles and implementing 
appropriate processing methods to mitigate antinutritional factors. 
Furthermore, the choice of Lactobacillus strains and their compatibility 
with other dietary ingredients should be  carefully considered to 
optimize the desired effects on broiler production, highlighting the 
importance of tailored dietary formulations for improved 
sustainability and poultry health.

5. Conclusion

The use of the cowpea seed resulted in higher dressing, liver and 
small intestine length. Therefore, interactions between dietary cowpea 
seed ingredient and the Lactobacillus salivarius probiotic have been 
responsible for few effects on carcass characteristics. The presence of 
cowpea seed in the diet with microencapsulated probiotic had clear 
positive effects on lipid metabolism, resulting in a reduced cholesterol 

122

https://doi.org/10.3389/fvets.2023.1279819
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Lefter et al. 10.3389/fvets.2023.1279819

Frontiers in Veterinary Science 13 frontiersin.org

and triglyceride level in the broilers blood plasma. Increased total 
protein, albumin, calcium and significantly lower uric acid, indicated 
an improved nutrient digestion and absorption in the supplemented 
treatments. Microencapsulated probiotics decreased cecal pH with 
implications on reduced coliforms, Clostridium spp. and E. coli and 
had clear positive effects on lactic acid bacteria and E. coli ratio. 
Additionally, taking into consideration the nutritional value of cowpea 
seed as a feed source we considered that can be successfully used as an 
alternative source of protein for broiler nutrition.
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The breeding of guinea pig is part of the pluriactivity for millions of farming

families in rural areas from the Peruvian Andean and Amazonian regions and

other South American Andean countries. Rearing these specie plays an important

source of employment, income, and nutrition for millions of rural families on

these countries. The search of natural products for enhancing animal wellbeing,

health, and production and thereby of guinea pigs is being searched nowadays.

The aim of this study was to determine the e�ect of the ripe fruit powder of

Morinda citrifolia on the physiological and productive performance parameters

of reared guinea pigs under humid tropical conditions and to find a new use

of noni fruit and to improve the guinea pig as an agrifood product. For this

purpose, forty-eight male Peru breed guinea pigs sixty days old, were used and

distributed into four treatments with diets containing 0, 2, 4 and 8% of the noni

ripe fruit powder, with four replicates and 3 guinea pigs each. Erythrocytes,

hematocrit, hemoglobin profiles, hematological indices MCV (mean cell volume),

MCHC (mean corpuscular hemoglobin concentration), MCH (mean corpuscular

hemoglobin) and bloodmetabolites profiles: TP (total protein), ALB (albumin), GLO

(globulin), TC (total cholesterol) were determined. The productive performance

indices: DWG (daily weight gain), DCFI (daily concentrated feed intake), TFIFM

(total feed intake of fresh matter) and TFIDM (total feed intake of dry matter),

FRCFM (feed rate conversion for fresh mater) and FRCDM (feed rate conversion

for dry matter) were evaluated. The guinea pigs were evaluated at 60, 75 and

90 days old. The interaction between noni fruit powder and the age of guinea

pigs produced an increase in the erythrocyte, hematocrit, MCH and MCHC levels

at 75 days old, (p < 0.05). The final weight and the daily weight gain increased,

while the feed rate conversion for fresh and dry matter decreased, as the level of

noni fruit powder in the diet increased until 4% (p < 0.05). Thus, the level of noni

ripe fruit powder in the guinea pigs’ diets had a positive e�ect on the erythrocyte,

leucocytes, hematocrit, MCH, MCHC levels, the final weight, the daily weight gain,

and the feed rate conversion of fresh and dry matter.

KEYWORDS

Cavia porcellus, growth promotor, gut health,M. citrifolia, wellbeing

Introduction

The rearing of guinea pig is part of the pluriactivity for millions of farming families in

rural areas from the Peruvian Andean and Amazonian regions (1) and from other countries

as Equator, Colombia, and Bolivia since ancient’s civilizations. Rearing these specie plays

an important source of employment, income, and nutrition for millions of rural families in

those countries (2). However, the high level of adaptability has allowed to this specie for
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TABLE 1 Independent and dependent variables considered in the study.

Independent variables Morinda citrifolia: four levels (0, 2,

4, and 8%)

Cavia porcellus age: three ages (60,

75, and 90 days old)

Dependent variables Hematological profiles

Blood metabolites profiles

Productive performances índices

TABLE 2 Composition of the concentrated feed in the basal diet for

guinea pigs during the fattening phase.

Ingredient (%)

Corn 41.26

Wheat bran 17.14

Soy cake 18.72

Alfalfa flour 15.00

Molasses 4.00

Palm oil 1.32

Calcium carbonate 1.25

Dicalcium phosphate 0.25

Salt 0.42

Vitamin mineral premix (Guinea pigs) 0.10

Micotoxin chelator 0.05

BHT 0.05

Choline chloride 0.10

Lysine 0.14

Methionine 0.17

Threonine 0.04

Total 100.00

rearing technification, thus, improving the wellbeing, health and

productive indices and as a result is being increased its commercial

production nowadays (3).

The gastrointestinal problems during the different phases of

production are the main causes of low productivity in the breeding

of this species, and this is caused by various bacterial agents, them

Escherichia coli, Clostridium, Streptococcus, and Salmonella (4–7).

The indiscriminate use of antibiotics, commonly used to reduce

the colonization of these pathogens in the gastrointestinal tract, to

control the development of gastrointestinal infection and promote

the growth in livestock causes the development of antimicrobial

resistance and the meat from these animals can contain residuals

of these substances, thus, putting the public health and the

environment at risk (8, 9).

This scenario brings us to research about new forms of

controlling these pathogens through the use of plants containing

active antimicrobial, antioxidant, and immunomodulation

compounds; which, in an integral fashion, can act by moderating

the microbiota, the structure, and the gastrointestinal function,

TABLE 3 Nutritional composition of the basal diet for guinea pigs in the

fattening phase.

Components Content

Dry matter (%) 89.36

Total protein (%) 17.28

Digestible energy (kcal/kg) 2,978

Ether extract (%) 4.40

Total fiber (%) 7.18

Neutral detergent fiber (%) 21.49

Acid detergent fiber 9.78

Calcium (%) 0.99

Total phosphorus (%) 0.45

Sodium (%) 0.22

Total lysine (%) 0.96

Total methionine (%) 0.44

Total threonine (%) 0.70

TABLE 4 Proximal analysis and total energy of purple king grass as forage

in the basal diet for guinea pigs in the fattening phase.

Components Content

Dry matter (%) 25.00

Total protein (%) 1.98

Ether extract (%) 0.40

Total fiber (%) 9.43

Ash (%) 3.64

Nitrogen free extract (%) 9.55

Total energy (kcal/kg) 970.31

as well as the immune system in livestock and poultry (10–

13), and in this manner, promote the improvement of the

wellbeing, health and productive performance of these animal

species (14–19).

Morinda citrifolia, “noni,” is a plant native to southeast

Asia and today is has expanded throughout the Caribbean,

Central, North and South America (20, 21). It is known for its

antimicrobial properties (22–24), as well as its immunomodulation

activities (25–27) and antioxidant activity (25, 27–29). In the

Amazon and high jungle regions of Peru, this plant is grown for

traditional medicine and nutraceutical purposes (30) and produce

abundant leaves and many fruits all year long, but this productive

potential is not taken advantage locally. From this, stems our

interest in researching new ways to take advantage of this plant,

for the improvement of the wellbeing, health, and productive

performance of guinea pigs. The purpose of this study was to

evaluate the effect of different concentrations of noni fruit powder

on the hematological, blood metabolites profiles and productive

indices of guinea pigs during the fattening phase and to find

a new use of noni fruit and to improve the guinea pig as an

agrifood product.
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Materials and methods

Variables considered in the study

Four levels of M. citrifolia powder and three age of guinea

pigs were considered as independent variables, while the dependent

variables are shown in Table 1.

Morinda citrifolia fruit powder

The collection of the noni fruit was done in Tingo María,

located at the geographic coordinates UTM 3981790 meters East

and 8,973,000 meters North and 715m.a.s.l. This collected material

has been identified and registered as M. citrifolia with the code

N◦ 63841 -HUT by the Herbarium Truxillense (HUT) from the

Universidad Nacional de Trujillo. The botanical identification was

based in its 20–34 cm hairless, opposite petiolate and glabrous

leaves, white tubular in bunch flowers and fleshy multiple fruits.

For the experiment was used 25 kilograms of whole fresh ripe

fruit in a well conserved conditions, these were taken through

a drying process at 60◦C in a forced ventilation stove for 72 h

to later be ground using a 1mm diameter sieve in a Model 4

Thomas Willey brand grinder, USA, and stored in tightly sealed

recipients, out of light. This procedure was adapted from Lal

et al. (31).

Experimental animals and nutrition

The localization of this study was at 09◦ 17′ 58
′′

south

latitude and 76◦ 01′ 07
′′

west longitude, with an altitude of

660m.a.s.l, an annual pluvial precipitation of 3,293mm, an average

annual temperature of 24.85◦C and a relative humidity of 80%

(32). Forty-eight, sixty-day old, male guinea pigs of the Peru

breed, with an average weight of 499.00 ± 8.60 g were used;

they were adapted to the diet 1 week prior to the beginning

of the experimental evaluation. They were distributed into four

treatments with four replicates for each one. These were reared

in sixteen metal mesh cages of one meter area and half meter

high located in a facility with manual controlled ventilation

by polyethylene curtains. Guinea pigs were only handled from

their cages for taking blood samples from the cephalic vein

at 60, 75 and 90 days old. The ethical procedures applied

during this experimental research were approved by the ethics

committee from the Universidad Nacional Agraria de la Selva.

The guinea pigs belonged to the guinea pigs production section

from the Faculty of Zootechny, Universidad Nacional Agraria de

la Selva, where the research was carried out. All the experimental

animals were fed with a basal diet with the requirements for

the fattening phase (33), made of concentrated feed 47% and

forage 53%, (Tables 2–4) to which 0, 2, 4 and 8% of the noni

fruit powder was added for each treatment considering a very

marginal impact on guinea pigs performance because of its very

low macronutrients content of this fruit (34, 35). The four

treatments were done for 1 month period corresponding to 60–

90 days old of guinea pigs. Hematological and blood metabolites

profiles were evaluated at 60, 75 and 90 days old and the daily

concentrated feed diet for each animal was 50 g and forage

ad libitum.

Hematological and blood metabolites
profile

Blood samples were obtained from the cephalic vein of

experimental guinea pigs at 60, 75 and 90 days old; the erythrocytes

counts were done using an automatic analyzer kontrolab BC

H2 (Italy). The determination of the hematocrit was done using

the microhematocrit method, at 11,000 rpm, for 3 mins (36)

in a Tom’s Kert Lab centrifuge (USA Science Tech Group).

The determination of the hemoglobin was done using the

cyanmethemoglobin method, for which the Drabkin’s reagent was

used. The indices mean cell volume (MCV), Mean corpuscular

hemoglobin concentration (MCHC) and mean corpuscular

hemoglobin (MCH) were calculated. For the biochemical analysis,

the serum was obtained by centrifugation of the coagulated

blood at 1,500 rpm for 5 mins. The total protein profile was

determined using the Biuret colorimetric method, and for the

albumin profile, the Bromocresol green method was used (37, 38),

and the cholesterol profile was obtained using the enzymatic

method; readings were done in an Auto Chemistry Analyzer-AS

830 spectrophotometers (Italy) at 515 and 530 nm using specific

kits (QAC-Spain).

Productive performance

To determine the effect of the different levels of Morinda

citrifolia fruit powder on the guinea pigs productive performance,

daily consumed and left forage and concentrated feed given to

all experimental guinea pigs were recorded during the 30 days

of experiment. Body weight of all experimental guinea pigs were

recorded at 60, 75, and 90 days old. Using this data and adapting

conventional productive performance ratios for animal production

(39) the initial weight, final weight, daily weight gain, concentrated

daily feed intake, concentrated total feed intake total feed intake

of fresh matter, total feed intake of dry matter, fresh matter

feed rate conversion, and dry matter feed rate conversion were

recorded. In the experiment was consider the concentrated feed

and forage as different source of feed and fresh and dry mater as

different condition of the feed to evaluate the possible response

of the guinea pigs in different way to each source and condition

of the feed in presence of the noni rip fruit powder. Each of

these productive performance were calculated by mean of the

following ratios:

DWG :Dailyweightgain(g) =

Final weight
(

g
)

per guinea pig

Number of evaluated days
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TABLE 5 ANOVA of hematological profiles of guinea pigs at 60, 75 and 90 days old fed with di�erent levels of noni ripe fruit powder.

Source of variation ANOVA F (p values)

WBC∗

(103

µL−1)

RBC∗

(106

µL−1)

HCT∗ (%) HBG
(gdL−1)

MCV (fL) MCH (pg) MCHC
(gdL−1)

Noni level (NL) 0.2450 0.0037 0.0449 0.0177 0.9443 0.2654 0.2910

Guinea pigs age (GPA) 0.0001 0.0001 0.0001 0.0001 0.0001 0.0257 0.0372

NL ∗ GPA 0.0598 0.0217 0.0166 0.4392 0.9924 0.0034 0.0048

CV (%) 20.3798 9.5845 11.2746 6.7818 0.0561 11.8065 12.0732

R2 adjusted (%) 52.8248 60.0143 53.3113 63.3067 90.8339 35.1910 32.8709

Comparisons were done by the student-Newman-Keuls (SNK) test. WBC, leukocytes; RBC, erythrocytes; HCT, Hematocrit; HBG, Hemoglobin; MCV, mean corpuscular volume; MCH, mean

corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration. ∗Data were transformed by log (10).

TABLE 6 Hematological profiles under the interaction e�ect of guinea pigs age ABC and noni ripe fruit powder level in the dietabc.

Variable Age of guinea
pigs (days)

SEM Noni ripe fruit powder (%)

0% 2% 4% 8%

WBC (103µL–1) 60 0.60 4.27B 4.27B 4.27C 4.27B

75 7.08bA 5.63cB 8.60aA 6.30bcA

90 7.15A 7.30A 6.25B 5.76A

RBC (106µL–1) 60 0.15 2.80B 2.8 2.80B 2.80B

75 3.80aA 2.75b 3.61aA 3.78aA

90 3.47A 3.22 3.56A 3.43A

HCT (%) 60 1.68 25.63B 25.63 25.63B 25.63C

75 34.5a A 25.00b 32.75aA 36.50aA

90 31.50A 31.5 32.33A 31.25B

MCH (pg) 60 2.60 45.11A 45.11 45.11A 45.11

75 35.15bB 51.92a 39.81bB 37.60b

90 45.93A 41.94 48.11A 48.26

MCHC (gdL−1) 60 2.92 49.25A 49.25 49.25A 49.25

75 38.66bB 57.03a 43.82bB 41.56b

90 50.53A 46.10 52.74A 53.03

ABC: Different capital letters within the same column indicate statistical differences for guinea pig age. abc: Different lowercase letters within the same line indicate statistical differences

for noni fruit powder level within the same age (SNK 5%). WBC, leukocytes; RBC, erythrocytes; HCT, Hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular

hemoglobin concentration.

CFDI :Concentrated feed daily intake
(

g
)

=

Feed offered (g)− feed refused(g)

Number of evaluated days

CFTI : Concentrated feed total intake
(

g
)

=

Feed offered (g)− feed refused(g)

TFIFM : Total feed intake of fresh matter
(

g
)

=

(

Feed offered
(

g
) (

concentrated+ forage
)

−

feed refused
(

g
) (

concentrated+ forage
))

as offered

TFIDM :Totalfeedintakeofdrymatter(g) =

(Feed offered
(

g
) (

concentrated+ forage
)

−

feedrefused(g)(concentrated+ forage)) 100% dry matter

FMFRC : Fresh matter feed rate conversion

(

g

g

)

=

(

Total Feed offered (g)
(

concentrated+ forage
))

as offered

Final weight x number of guinea pigs

DMFRC : Dry matter feed rate conversion

(

g

g

)

=

(

daily Feed offered
(

g
) (

concentrated+ forage
))

100% dry matter

Final weight x number of guinea pigs
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TABLE 7 Hematological profiles of guinea pigs at 60, 75 and 90 days old fed with di�erent levels of noni ripe fruit powder.

Factors WBC
(103µL−1)

RBC

(106µL−1)

HCT (%) HBG
(gdL−1)

MCV (fL) MCH (pg) MCHC
(gdL−1)

Age of Guinea pigs (days)

SEM 0.30 0.08 0.84 0.24 0.01 1.30 1.46

60 4.27b 2.80b 25.63b 12.52c 72.72a 45.11a 49.25ab

75 6.90a 3.48a 32.19a 14.20b 72.46b 41.12b 45.27b

90 6.62a 3.42a 31.65a 15.42a 72.45b 46.06a 50.60a

Noni ripe fruit powder (%)

SEM 0.35 0.09 0.97 0.28 0.01 1.50 1.69

0% 6.17a 3.35a 30.54ab 14.23ab 72.54a 42.07a 46.15a

2% 5.73a 2.92b 27.38b 13.36b 72.54a 46.32a 50.79a

4% 6.37a 3.32a 30.24ab 13.97ab 72.54a 44.34a 48.60a

8% 5.44a 3.34a 31.13a 14.64a 72.55a 43.66a 47.95a

abc: Different letters within the same column indicate statistical differences (SNK 5%). WBC, leukocytes; RBC, erythrocytes; HCT, Hematocrit; HBG, Hemoglobin; MCV, mean corpuscular

volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration.

Statistical analysis

For the evaluation of the effect of the M. citrifolia powder on

the bloodmetabolites and hematological profiles, a general factorial

design (40) with two factors, 4 levels of noni fruit powder and 3 ages

of guinea pigs to show the effects of the individual factors or their

interactions on the response were used.

The variance analyses were done with Infostat statistical

software (41) and the averages were compared using the Student-

Newman-Keuls test (5%). For determining the linear or quadratic

effect of M. citrifolia fruit powder levels on the productive

parameters of guinea pigs a linear regression analysis of data was

carried out.

Results

Hematological profiles

The total number of leucocytes, erythrocytes, hematocrit, MCH

and MCHC increased (p < 0.05) by interaction between the level

of noni fruit powder (NFP) and the guinea pigs age (GPA), being

at 75 days old and 4% of noni fruit powder in the diet, the highest

level (Tables 5, 6 and Figure 1), however, hemoglobin andmean cell

volume did no varied (p > 0.05) (Tables 5, 7).

Blood metabolites profile

Results of blood metabolites profiles are presented in Tables 8,

9 and total protein, albumin, globulins and total cholesterol profiles

of the guinea pigs did not vary (p > 0.05) under the effect of the

three levels of noni fruit powder included in the diets (Tables 8, 9).

The protein and albumin profiles in the blood serum decreased as

the age of guinea pigs increased but the globulin increased from 60

to 75 days old of the guinea pigs (p < 0.05) (Tables 8, 9).

Productive performance

Results of production performance indices are in Table 10

and Figure 2. Final weight and daily weight gain increased as the

inclusion of noni powder in the diets increased up to 4%; the FW

increased from 781.00 g to 862.00 g and the DGW increased from

9.40 g to 12.42 g (p< 0.05). In parallel to these two indices, the fresh

matter feed rate conversion and dry matter feed rate conversion

were reduced as the inclusion of noni fruit powder in the diets

increased up to 4% (p < 0.05); decreasing from 18.37 ± 2.37 to

13.91 ± 1.50 kg of fresh matter per kilogram of meat and from

5.95 ± 0.72 to 4.45 ± 0.43 kg of dry matter per kilogram of meat

(Table 10, Figure 2).

Discussion

Hematological profiles

Blood is the main tissue that produce cells for transporting

oxygen which is the power in cells metabolism (42). The increase

of total number of leucocytes, erythrocytes, hematocrit, MCH

and MCHC by interaction in the present research have been also

obtained in an experiment where the administration of noni extract

for mice that were intoxicated with methotrexate, the leucocytes

and erythrocytes reduced by the toxic effect of this substance

increased and re-established by the effect of the noni extract

(43). Similar results were also obtained in leucocytes response in

rats clinically healthy, in which the administration of 5 mg/kg

(live weight) of noni extract increased the leukocyte population,

when compared to those that did not receive treatment, but no
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FIGURE 1

Hematological profiles under the interaction between noni ripe fruit powder levels and guinea pig ages on Leukocyte (A), Erythrocyte (B), Hematocrit

(C), MCH (D) and MCHC (E) values.
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TABLE 8 ANOVA of blood metabolites profiles of guinea pigs at 60, 75,

and 90 days’ old fed with di�erent levels of noni ripe fruit powder.

Sources of
variation

ANOVA F (p-values)

TP
(gdL−1)

ALB

(gdL−1)

GLO
(gdL−1)

TC

(gdL−1)

Noni level (NL) 0.3412 0.1201 0.4859 0.4267

Age of Guinea pigs

(AGP)

0.5554 0.0001 0.0158 0.1728

NL ∗ AGP 0.3825 0.3910 0.6407 0.3036

CV (%) 6.2475 8.7285 40.3689 14.3411

R2 adjusted (%) 71.6053 61.9147 9.8016 6.0970

Comparisons were done by the student-Newman-Keuls (SNK) test. TP, total protein; ALB,

albumin; GLO, globulin; TC, total cholesterol.

TABLE 9 Blood metabolites profiles of guinea pigs at 60-, 75-, and

90-days’ old fed with di�erent levels of noni ripe fruit powder.

Factors TP
(gdL−1)

ALB
(gdL−1)

GLO
(gdL−1)

TC
(gdL−1)

Age of Guinea pigs, days

SEM 0.08 0.08 0.11 1.06

60 5.27 4.35a 0.87b 30.93

75 5.13 3.86b 1.36a 29.66

90 7.39 3.32c 1.12ab 28.06

Noni levels, (%)

SEM 0.09 0.10 0.13 1.22

0% 4.99 3.87 1.11 29.06

2% 4.76 4.01 1.13 28.69

4% 4.80 3.81 0.97 29.13

8% 4.95 3.68 1.26 31.31

abc: Different letters within the same column indicate statistical differences (SNK 5%).TP:

total protein.

effect on the hemoglobin and erythrocyte profiles were shown

(43, 44). The increase in total number of leucocytes, erythrocytes,

hematocrit, MCH and MCHC in the present study may be due to

the guinea pigs response to the phytochemical compounds such as

triterpenes, steroids, amino acids, alkaloids, and flavonoids, which

confer the antioxidant and immunomodulation effects of the fruit

powder of M. citrifolia included in the diet (25, 28, 29, 44–48)

and the negative feedback mechanisms to increase the number

of leucocytes and erythrocytes as response to an increase of a

metabolic demand from 60 to 75 days old of the guinea pigs as

an interaction.

Furthermore, all the evaluated hematological profiles increased

in relation to the guinea pigs age (p <0.05) (Tables 5, 7), these

results have their origin in the physiological mechanisms, the

negative feedback produced by the increase in metabolic demand,

that pushes blood cell profiles to increase as the specimen

matures (42).

The hematological profiles in the present study varied within

the normal ranges or average intervals for each profile in the

specie (49–52).

Blood metabolites profile

No changes in total protein profile in our research have been

also obtained in healthy mice that were treated with 5mg/kg of

noni extract/live weight, in which, the protein level in the serum

increased in comparison with the control group (43). Similar

results for those obtained in the present study for albumin and

globulin profiles which did not change under the effect of noni

fruit powder have been also obtained in plasma of healthy mice

when treated with different concentrations of noni juice (44). The

total cholesterol profile of our study has been also obtained in mice

treated with noni extract in which this metabolite did not vary in

comparison to the group with no treatment (43).

The reduction in protein and albumin profiles and increase in

globulin in the blood serum as the age of guinea pigs increased

from 60 to 75 days old of the guinea pigs (p < 0.05) contrast the

levels of serum protein produced by the physiological mechanisms,

in which the total protein levels in serum, as well as the albumin

and globulin levels increase as the adult stage is reached in animal

species (37, 42).

However, decrease in the total protein and albumin in the blood

as the age of guinea pigs increased in the current study could be

related to an increase in the consumption of the feed containing

greater levels of noni powder, and some bioactive compounds

of this fruit enhance the storage or retention of protein in the

guinea pigs’ tissues; as for those obtained in Nile tilapia (53). It

may be one of the mechanisms for improving the final weight

and daily weight gain in the performance indices in the guinea

pigs obtained in the present study. At the same time, it may be

related with a nephroprotective effect ofM. citrifolia leaves powder

by maintaining tubular and glomerular epithelial cells, decreasing

serum protein but between normal ranges (54).

Different results of protein and albumin profiles in guinea pigs

were found in a study using different levels of Erythrina sp. leaves

powder with the purpose of finding an alternative source of protein

for guinea pigs. In this study the protein and albumin profiles in

the serum increased as the level of Erythrina sp. powder in the

diets increased, notwithstanding, a gradual decrease in the live

weight, carcass weight, and carcass yield were obtained each time

that a greater level of Erythrina sp. leaves powder was added in the

diet (55).

The blood metabolites profiles in the present study varied

within the normal ranges or average intervals for each profile in

the specie (49, 50, 52).

Productive performance

Eventhough the indirect assessment of the productive

performance by feed intake and weight gain is not accurate

enough, those are worldwide considered as the main primary

assessments from which are derived the main ratios for evaluating
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TABLE 10 Productive performance of fattening guinea pigs fed di�erent levels of noni ripe fruit powder in the diet.

Performance indices Levels of noni fruit powder (%) p-value SEM

0% 2% 4% 8%

IW (g) 499.00 496.00 489.00 499.00 0.5172 2.31

FW (g) 781.00b 806.00ab 862.00a 840.00a 0.0344 17.82

DWG (g) 9.40c 10.33cb 12.42a 11.38ab 0.0109 0.65

CDAC (g) 31.18 29.33 30.30 31.61 0.2459 0.50

CDFI (g) 140.00ab 150.00a 142.00ab 130.00b 0.0794 4.00

TDFIFM (g) 171.18 179.33 172.30 161.61 0.1713 3.53

TDFIDM (g) 55.43 55.77 54.99 53.88 0.7735 0.41

FMFRC (g/g) 18.37b 17.44b 13.91a 14.36a 0.0066 1.11

DMFRC(g/g) 5.95c 5.43bc 4.45a 4.77ab 0.0049 0.34

abc: Different letters within the same column indicate statistical differences (SNK 5%). IW, initial weight; FW, final weight; DWG, daily weight gain; CFDI, Concentrated feed daily intake;

CFTI, Concentrated feed total intake; TFIFM, total feed intake of fresh matter; TFIDM, total feed intake of dry matter; FMFRC, fresh matter feed rate conversion; DMFRC, dry matter feed

rate conversion.

FIGURE 2

Linear regression analysis of the e�ect of noni ripe fruit powder on four productive indices of guinea pigs. *, ** Statistical di�erence (p < 0.05 and p <

0.01 respectively). FW, final weight; DWG, daily weight gain; FMFRC, fresh matter feed rate conversion; DMFRC, dry matter feed rate conversion.

productivity in animal production. Increase in weight gain and

reduction of the feed rate conversion are the main indices when a

productive performance is evaluated (39). These results have been

obtained by the addition of ripe fruit powder in the diet of guinea

pigs in the present study. Similar results have also been reported

in the Nile tilapia for which the addition of noni extract in the

diets, increased the specific growth index and the daily length,

and decreased the feed rate conversion (53); in another study in

growing cattle, an increase in the daily weight gain was obtained as

the addition of noni fruit pulp in the diets increased (56).
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One explanation of the improvement in the productive

indices in guinea pigs may be associated with some effect of

growth promotion from the noni fruit powder since it contains

antimicrobial compounds and endophytic bacteria with potent

inhibitory activity on the intestinal microbiota, in such a way that

they regulate the intestinal microbiome, and in this manner may

strengthen the gut health of the guinea pigs (23, 24, 57–59).

This improvement could be also associated with an increase

in the profiles of the number of erythrocytes, hematocrit, MCH

and MCHC, due to their antioxidant properties (44, 45, 47),

by which M. citrifolia, has been found to be protective against

tissues metabolic stress instead of any toxic actions (25, 28), thus

improving the oxygenation of tissues and their metabolic activity

(42). At the same time, some bioactive compounds of this fruit

do protect the liver from injuries by inhibiting inflammation (48)

and by means of this mechanism may enhances absorption process

and increase the storage or retention of protein in the guinea pigs’

tissues; as for those obtained in Nile tilapia (53).

Nonetheless, the results in our study differ from those obtained

in a study of the powder from ripe and unripe fruit from this plant

on the productive performance of chickens, which did not influence

their productive indices, nor the digestibility of the nutrients in

chickens’ diets (31); as well as in a study with mice, where the

condition of their weight did not vary when given noni juice at

different concentrations (44). These contrasting results may be

explained because guinea pigs are herbivorous animals and their

digestive physiology are specialized to degrade vegetable tissues

more efficiently than granivorous animals as chickens and to extract

phytochemical compounds which are beneficial for enhancing

mechanisms of growth performance (60).

Feed intake was not impacted by supplementation of the noni

ripe fruit powder across all treatments in this study. Previous study

with noni extract in chickens agree with this finding (31) and in pigs

fed with Origanum have been reported a dose related detrimental

effect on palatability and therefore reducing feed intake (61).

Very few studies that involve studying the benefits of M.

citrifolia in animal species to improve their wellbeing, health, and

production are reported in the literature; thus, the present study is

one of these few on this topic.

Conclusions

This study explored the effects of noni rip fruit powder

on production performance indices, hematological and blood

metabolites profiles of guinea pigs in the fattening phase. The final

weight, daily weight gain, and feed rate conversion for fresh and

dry matter improved in the guinea pigs in the fattening phase

fed diets containing 4% of rip fruit powder. At the same time,

an increase in the leucocytes, erythrocytes, hematocrit MCH and

MCHC profiles at 75 days old and 4% of noni ripe fruit powder in

the diet produced by the interaction between these two variables

was obtained. These results suggest that noni rip fruit powder may

be used as a no conventional feed source for improving productive

performance indices in traditional and commercial rearing systems

of guinea pigs at 4% of the diet and to feed from 60 to 75 days old.

Notwithstanding of that, themechanism of action of Noni in guinea

pigs remains to be studied.
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Dose- and substrate-dependent 
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vitro
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Ruminants contribute to global warming by emitting greenhouse gasses, 
particularly methane (CH4) which is a product of rumen fermentation. The use 
of feed additives able to modulate rumen fermentation is a promising strategy to 
reduce enteric CH4 and ammonia (NH3) emissions. Among the various strategies 
investigated, plant secondary metabolites (PSMs) have attracted attention due to 
their apparent potential to reduce enteric CH4 and NH3 emissions, and it would 
be  possible to use such compounds as feed additives in organic production 
systems. In an in vitro system simulating rumen fermentation, we have tested the 
impact of different classes of naturally occurring PSMs; catechin and quercetin 
(flavonoids), salicylic acid (phenolic acid) and tannic acid (hydrolysable tannin). 
The PSMs were added to two different basal feeds (maize and grass silages) at 
three inclusion doses 1.5, 3 and 6% of the feed dry matter (DM). CH4 production 
was significantly lowered upon addition of quercetin to two basal feeds at doses 
of 3 and 6%, and this without changes in concentrations of total volatile fatty 
acid (VFA) produced during fermentation. Quercetin, as the only tested additive, 
reduced CH4 production, and when added to maize silage and grass silage, the 
reduction increased linearly with increasing dose, ie., by 51 and 43%, respectively, 
at a dose of 3% of feed DM and by 86 and 58%, respectively, at a dose of 6% 
of feed DM. Moreover, quercetin significantly reduced NH3 concentration by 
>12% at doses of 3 and 6% in feed DM irrespective of the basal feed used as 
compared to when the basal feeds were incubated alone. Although none of the 
other additives affected CH4 formation, several additives had significant impacts 
on concentrations of NH3 and VFAs in the incubated fluid after fermentation. This 
study demonstrated a dose-dependent ability of quercetin to reduce CH4 emission 
from rumen fermentation, however, the magnitude of the suppression of CH4 
depended on the basal feed. Furthermore, quercetin reduced NH3 concentration 
irrespective of the basal feed type. These findings encourage to in vivo studies to 
verify whether quercetin can reduce CH4 emission also in cows.

KEYWORDS

rumen fermentation, plant secondary metabolites, quercetin, catechin, salicylic acid, 
tannic acid
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1. Introduction

Ruminants are responsible for two-thirds of the global emission 
of anthropogenic greenhouse gasses (GHG) imputed to the livestock 
sector, which represents 14.5% of the total agricultural emissions (1). 
Methane (CH4) is the major GHG formed in the rumen, where it is 
synthesized from hydrogen and carbon dioxide (CO2) formed during 
microbial fermentation of the feed (2, 3). CH4 emission represents an 
energy loss of 6–12% of the animal’s gross energy intake (4). Ammonia 
(NH3) emission from manure, derived from nitrogen excretion in 
feces and urine, represents another important emission from livestock 
production. To ensure a sustainable development of the livestock 
sector, it is crucial that these emissions are reduced dramatically in the 
future in view of estimated increased global demands for meat and 
milk (5). Several strategies have been proposed to reduce 
environmental impact in ruminants farming, such as increasing 
animal productivity, genetic selection, diet formulation or modifying 
rumen fermentation patterns (6). Considering this, feed additives can 
play a role not only in reducing the environmental impact of 
ruminants, but also by increasing animal health and productive 
performance (7, 8). The use of natural feed additives able to modulate 
rumen fermentation patterns is a promising strategy to reduce enteric 
CH4 and NH3 emissions. In this context, plant secondary metabolites 
(PSM) have attracted attention due to their potential to reduce enteric 
CH4 and NH3 emissions while improving the health status and thereby 
productivity of the animal (9). Since PSMs are natural products, they 
also represent a promising strategy to reduce emissions for organic 
farmers. Tannins belongs to the class of PSMs that has been most 
extensively studied with well documented effects on NH3 reduction 
and there is some documentation that some may also reduce CH4 
emission (6, 10, 11). A common feature of tannins is the ability to bind 
proteins, forming feed complexes that are undegradable in the rumen 
(12). This protective effect is thought to cause lowering of the ruminal 
NH3 concentration and increased ruminal escape of dietary proteins 
(13). At the low pH in the abomasum, the protein-tannin complexes 
are subsequently dispersed, making feed proteins available again for 
enzymatic digestion. To a lesser extent, tannins are able to form 
complexes also with other components, such as carbohydrates and 
metal ions (14). The formation of such complexes can lead to a 
reduction of the overall ruminal feed degradability (15). Martínez 
et al. (16) tested the effect in vitro of adding tannic acid (TAN) to two 
different substrates, corn and wheat grain, to study the importance of 
starch structure on formation of starch-tannin complexes. At an 
inclusion dose of 5% (w/w DM), TAN decreased the Total Gas 
Production (TGP) over the first 24 h of incubation in buffered rumen 
fluid inoculum, but not later, when the substrate was wheat, whereas 
the reduction was significant throughout a 48 h incubation period 
with corn grain as the substrate. The differential effect of TAN 
depending on the nature of the basal feed was considered to be a 
consequence of the different architecture of the endosperm affecting 
the affinity of starch to tannins (16).

In vitro (17) and in vivo (18) studies have demonstrated that TAN 
can also reduce enteric CH4 emission in a dose dependent manner. In 
the in vivo study, TAN induced a dose-dependent reduction of CH4 
emission from 11 to 33.6% when the inclusion in diets for beef cattle 
was increased from 0.65 to 2.6% (w/w DM) (18).

Another class of PSMs that also contain potential rumen anti-
methanogens is flavonoids as suggested by findings in a few in vitro 

studies. Oskoueian et al. (19) investigated the effects of the flavonoids 
quercetin (QUE), catechin (CAT) as well as other PSMs at an inclusion 
dose of 4.5% (w/w DM), and found that QUE significantly decreased 
CH4 formation during fermentation of a feed, while CAT did not. 
However, in another study, CAT was shown to act as a hydrogen sink 
and could thereby have the potential to reduce CH4 (20). In a previous 
in vitro study in our laboratory, we  detected a significant CH4 
reduction by QUE, TAN and salicylic acid (SALA), whereas CAT only 
showed a tendency to reduce CH4 (21). The conflicting results and the 
lack of response in some in vitro studies (22, 23) could possibly be due 
to differences in dosing or in the type of feed substrate used in 
incubations. The present study was based on the hypotheses that the 
four PSMs TAN, SALA, QUE, and CAT can reduce CH4 production 
in a dose-dependent manner without negatively affecting ruminal 
fermentation of the feed, but the CH4 reducing potency of these PSMs 
depends on the type of feed substrate.

Therefore, the aim of this study was to establish the effects in vitro 
in a system simulating rumen fermentation of adding increasing doses 
(0, 1.5, 3 and 6% w/w DM) of the four PSMs to two different basal 
feeds, maize (MS) and grass (GS) silages with different starch and fiber 
composition on TGP, CH4 production and rumen fermentation 
patterns (VFA and NH3 concentrations).

2. Materials and methods

2.1. Chemicals

Quercetin (117-39-5), catechin hydrate (225937-10-0; DM: 
97.3%), salicylic acid (69-72-7), and tannic acid (1401-55-4), were 
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

All compounds were purchased as a dry powder and 0.030 g of 
each compound was weighed off and dissolved in 2 mL of either 
dimethyl sulfoxide (DMSO; Sigma) or pure water to reach the 
concentration of 15 mg/mL and further diluted to 7.5 and 3.75 mg/
mL. Due to pour solubility of CAT, QUE, and SALA in water, these 
compounds were dissolved in DMSO, while pure water was used to 
dissolve TAN. The detailed protocol of the procedure can be found in 
Nørskov et al. (21).

2.2. In vitro simulation of rumen 
fermentation

Two commercial GP apparatuses (AnkomRF GP System, Ankom 
Technology®, NY, United States) consisting each of 50 Duran® bottles 
(capacity: 132 ± 1.1 mL) equipped with pressure sensors and wireless 
connection to a computer were used to test the effect of CAT, QUE, 
SALA, and TAN on in vitro rumen fermentation. To evaluate a 
possible interaction between the compounds and the substrate, two 
different basal feeds, maize silage (MS) and grass silage (GS), were 
used. Four experimental runs, two per each substrate, were conducted. 
The four compounds were tested at three levels of inclusion (1.5, 3, 
and 6 of feed DM) against a negative control (CTR), consisting only 
of one of the two basal feeds (MS-CTR and GS-CTR, respectively). All 
the treatments (4 compounds × 3 levels of inclusion × 2 basal feeds), 
the 2 CTR, and the blank (containing only the fermentation medium) 
were tested in triplicate per each experimental run.
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On the morning of each experiment, rumen fluid was collected 
half an hour before morning feeding from three rumen cannulated 
non-pregnant dry Holstein cows housed at the experimental facility 
at Aarhus University, Foulum, Denmark. The handling and care of the 
cows complied with the guidelines set out by the Danish Ministry of 
Environment and Food (Act No. 2028, 2020) with respect to animal 
experimentation and care of animals under studies. The cows were fed 
at maintenance level with a standard diet composed of straw, hay, and 
a concentrate mixture (24). The rumen fluid was immediately 
transferred to preheated thermo bottles and transported to the 
laboratory within 30 min after sampling, where it was filtered through 
two layers of moist cheesecloth. For each cow, the pH of the filtrated 
rumen fluid was measured. The filtered rumen fluid was then mixed 
with a buffer solution redox indicator, reducing agent, buffer, and 
macro- and micro-mineral solutions as described by Menke and 
Steingass (25), in 2 buffer solution and 1 rumen fluid ratio, for the 
preparation of the fermentation medium. During preparation, the 
buffer solution and the fermentation medium were continuously 
flushed with N2 to maintain anaerobic conditions.

Incubations were conducted in the Duran® bottles containing 
0.5 g of MS or GS, 90 mL of buffered rumen fluid with or without 2 mL 
solution of PSM, in order to reach the concentration of 1.5, 3 and 6% 
(w/w) of PSM on DM basis.

The in vitro incubations were performed as described in details by 
Thorsteinsson et al. (26). The gas produced during fermentation and 
released from the GP apparatus was continuously collected in a 
gas-tight 1 L Aluminum Bag CEK-1 (GL Sciences Inc., Tokyo, Japan), 
attached to each module. After 24 h of incubation the gas-tight 
aluminum bags were removed. Ten milliliters of gas was extracted 
from each gas-bag using a gastight syringe with a twist valve 
(Hamilton Bonaduz AG, 7402 Bonaduz, Switzerland). The gas samples 
were transferred into evacuated gas chromatography (GC) vials 
(Labco Limited, Ceredigion, United Kingdom) for later CH4 analyses. 
After 48 h of incubation the bottles were put into ice bath to stop the 
fermentation. All the content of the bottles was filtered through F57 
fiber bags (ANKOM Technology, Macedon, NY, United States) (pore 
size: 25 μm) and an aliquot of the filtered liquid sample was collected 
for VFA and NH3 analyses.

2.3. CH4 and VFA analyses using GC-TCD

CH4 concentrations in gas samples were analyzed using a Trace 
1,310 GC equipped with Rt®-Q-BOND column, 30 m length, ID 
0.25 mm and 8 μm film thickness (Restec, Bellefonte, PA, 
United States), TCD detector and a TriPlus Headspace autosampler 
(Thermo Fisher Scientific, Waltham, MA, United States), as described 
by Jensen et al. (27).

VFA analyses were performed as described by Olijhoek et al. (28) 
using a Trace 1,310 GC equipped with a 30 m × 0.53 mm × 1 μm 
HP-FFAP column (Agilent Technologies Inc.).

2.4. Chemical composition of the standard 
feed and chemical analyses

The MS used had the following chemical composition: organic 
matter (OM), 965; neutral detergent fiber, expressed exclusive of 

residual insoluble ash (aNDFom), 329; crude protein (CP), 77.7; 
starch, 351 g/kg DM.

The GS used had the following chemical composition: OM, 908; 
aNDFom, 360; CP, 179 g/kg DM.

The DM content of undegraded feed residues in fiber bags was 
determined by oven drying at 103°C overnight [AOAC (29); method 
935.29], the aNDFom was analyzed following the procedure reported 
by Mertens (30), with the inclusion of heat-stable α-amylase and 
sodium sulfite, while the ash was determined by combustion at 525°C 
for 6 h [AOAC (29); method 942.05].

The NH3 concentration was determined using a Randox AM 1015 
kit (Randox Laboratories, United Kingdom) and an ADVIA 1800® 
Chemistry System (Siemens Medical Solutions, Tarrytown, NY 10591, 
United States) autoanalyser.

2.5. Statistical analyses and calculations

The cumulative gas production (psi) data recorded during the 48 h 
of incubation were converted into volume (mL) of gas produced at 
standard temperature (0°C) and pressure (1 bar) using the ideal gas 
law. TGP was blank corrected before the statistical analyses. The 
volume of CH4 and CO2 (mL) produced were calculated multiplying 
their concentrations (%) in the collected gas with the TGP (mL). 
Means of three replicates (analytical replicates) within each run were 
used for the statistical analysis.

The data of the various response parameters (TGP, CH4, CO2, 
dDM, dNDF, VFA, and NH3) were statistically analyzed by the mixed 
procedure of SAS 9.4 (SAS Institute Inc.). Initially, to test the effect of 
the feed and a possible interaction between the type of substrate and 
the type of additive, the model was:

 Y T L T F TxF R eijkz i j k z ijkz= + + ( ) + + + +µ

where Yijkz is the dependent response variable, μ is the overall 
mean, Ti is the fixed effect of treatment (i = MS, GS, CAT, QUE, SALA, 
and TAN), Lj(T) is the dose effect within the treatment (j = 0, 1.5, 3, 
6%), Fk is the fixed effect of the feed (k = MS, GS), TxF is the effect of 
the interaction between the treatment and the feed, R is the random 
effect of experimental run (z = 1, 2), eijkz is the residual error.

Subsequently, the statistical analysis was performed separately for 
each type of substrate, with the following model:

 Y T L T R eijz i j z ijz= + + ( ) + +µ

Differences between least square means of the treatments were 
evaluated using Tukey’s method for comparison.

In order to evaluate the linear and the quadratic effects of the level 
of inclusion of each additive within the two types of substrates, matrix 
coefficients were generated by using the IML procedure of SAS 9.4 for 
unequally spaced contrasts.

The data were tested for normality of the residuals by using the 
Shapiro–Wilk test. Homogeneity of the variance was tested by using 
Bartlett’s test. For all statistical analyses, significance was declared at 
p ≤ 0.05 and trend at 0.05 < p ≤ 0.10. Data in the tables are presented 
as least squares means and standard errors. To make the table simpler 
to read and avoid too many letters, the superscripts in the tables depict 
significant differences between treatments within each type of feed.
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3. Results

3.1. Rumen fermentation characteristics of 
the basal feeds

The results on TGP, CH4 production, DM and aNDFom 
degradability (dDM and dNDF, respectively) are reported in Table 1. 
The highest TGP was produced during fermentation of MS-CTR (152 
vs. 122 mL/g DM, for MS-CTR and GS-CTR, respectively, p = 0.038) 
and the same tendency was observed for CH4 production (MS-CTR: 
10.7 and GS-CTR: 4.36 mL CH4/g DM; p = 0.055). Both basal feeds 
had a dDM around 71–72%, although GS-CTR had higher dNDF than 
MS-CTR (51.4 vs. 67.5%, for MS and GS, respectively, p < 0.001).

As shown in Table  1, although the total VFA concentration 
(mmol/L) in the fluid post-fermentation was of similar magnitude 
with both basal feeds, significant differences were observed in relation 
to the composition of produced VFAs, where the % of total VFA was 
higher with MS-CTR for acetic (69.3 vs. 66.5% for MS and GS, 
p = 0.011), and caproic (0.44 vs. 0.31% for MS and GS, p = 0.019) acids 
as compared to GS-CTR, and the reverse was true for iso-butyric (0.95 
vs. 1.12% for MS and GS, p = 0.050), iso-valeric (1.50 vs. 1.80% for MS 
and GS, p = 0.022) and valeric (1.10 vs. 1.65% for MS and GS, p < 0.001) 
acids. No significant differences were observed for propionic (16.5 vs. 
19.8% for MS and GS) and butyric acids (10.2 vs. 8.87% for MS and 
GS). The fermentation of MS-CTR resulted in lower NH3 
concentrations in the fermented fluid by the end of fermentation as 
compared to GS-CTR (11.8 vs. 18.5 mM for MS and GS, p = 0.020).

3.2. Impact of PSMs using maize silage as 
substrate

3.2.1. Feed degradability, TGP, and CH4 
production using maize silage as substrate

When MS was used as feed substrate, increasing dose of QUE 
caused a linear reduction of both dDM (p = 0.022) and dNDF 
(p = 0.002), however, the differences relative to MS-CTR became 
significant only at the highest inclusion rate, where the overall 
reduction in dDM was 23% compared to MS-CTR. With increasing 
dose of QUE there was also a linear reduction of TGP (mL/g DM; 
p = 0.005) and CH4 production (mL/g DM; p = 0.004; and mL/g 
degraded DM; p = 0.005), Tables 1, 2 and Figure 1. QUE significantly 
reduced CH4 production (mL/g DM) at the inclusion doses of 3 and 
6%, with a reduction of 51 and 86%, respectively, compared to 
MS-CTR. No other additive caused significant changes of the above-
mentioned parameters.

3.2.2. Rumen fermentation parameters using 
maize silage as substrate

As shown in Tables 1, 2 and Figure 1, the pH, total concentration 
of VFA and percentages of acetic and butyric acids in the fermented 
liquid post-fermentation were unaffected by addition of any of the 
additives at any dose.

However, the concentration of propionic acid in the fermented 
liquid, which is produced in a hydrogen consuming pathway, was 
linearly increased by QUE (p = 0.039) consistent with the depression 
of CH4 production, and at the 6% dose, propionic acid concentration 
became significantly higher compared to MS-CTR (20.1 vs. 16.5%). 

Proportions of the minor VFA’s, iso-butyric, iso-valeric, valeric, and 
caproic acid, were linearly reduced by QUE and, for all of these, the 
values observed at 3 and 6% of QUE inclusion were significantly lower 
than MS-CTR.

Consistent with the decrease in the two iso-acids, derived in the 
rumen from branched chained amino acid degradation, the NH3 
concentration was also linearly reduced by QUE (p = 0.007) and at 3 
and 6% the reduction became significantly different from MS-CTR 
(10.5 and 9.78 vs. 11.8 mM, respectively), while there was a quadratic 
effect of increased TAN inclusion (p = 0.008) due to increased NH3 
concentration at 1.5 and 3% TAN only.

3.3. Impact of PSMs using grass silage as 
substrate

3.3.1. Feed degradability, TGP, and CH4 
production using grass silage as substrate

When GS was used as feed substrate, dDM was linearly reduced 
by QUE and TAN (p < 0.001 and p = 0.001, respectively) and at doses 
of 3 and 6% the decrease in dDM became significantly different from 
GS-CTR (65.3 and 58.1, respectively, for QUE, and 67.4 and 64.0, 
respectively, for TAN vs. 71.9% for GS-CTR). Furthermore, QUE 
decreased dNDF at the two highest but not the lowest dose relative to 
GS-CTR (quadratic effect; p < 0.001), while a linear depression of 
dNDF was induced by increasing doses of SALA and TAN (p = 0.002 
and p = 0.004, respectively), hence for all 3 PSMs the depressions at the 
3 and 6% doses reduced dNDF to significantly lower levels than for 
GS-CTR (59.6 and 46.9, respectively, for QUE; 62.6 and 60.2, 
respectively, for SALA; 63.1 and 60.3 for TAN, vs. 67.5% for GS-CTR).

The TGP and CH4 production (mL/g DM for both) were linearly 
reduced by QUE (p = 0.002 and p < 0.001), and for CH4 production the 
reductions at the 3 and 6% doses were 43 and 58%, respectively, 
compared to GS-CTR, Tables 1, 2 and Figure  2. Due to the 
simultaneous reduction of dDM, TGP when expressed relative to 
degraded DM (mL/g dDM) became significantly increased compared 
to GS-CTR with addition of QUE and TAN only at the highest dose 
(6%). Similarly, TAN at the highest dose reduced dDM more than CH4 
production relative to GS-CTR and CH4 production per degraded DM 
was consequently increased (7.96 vs. 6.10 mL/g dDM for GS-CTR). 
However, QUE reduced CH4 production substantially more than 
dDM and still linearly reduced (p < 0.001) CH4 production per g 
degraded DM up to 46.9% at the highest (6%) dose. None of the other 
additives reduced TGP or CH4 production.

3.3.2. Rumen fermentation parameters using 
grass silage as substrate

Similarly, to when MS was used as basal feed, the pH and total 
VFA concentration in the fermented liquid post-fermentation were 
unaffected by the additives at any dose, as shown in Tables 1, 2, 
although a linear reduction of total VFA was observed with increasing 
dose of TAN (p = 0.028).

The proportion of acetic acid in total VFA was affected in a 
quadratic fashion with increasing dose of CAT (p = 0.009), QUE 
(p = 0.034), and SALA (p = 0.007) with effects levelling off at higher 
doses and differences became significant relative to GS-CTR already 
at the 1.5% dose. Reversely, percentages of propionic and iso-butyric 
acids were reduced with increasing dose of CAT (p = 0.027 and 
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TABLE 1 Feed degradability, gas production, CH4 production, NH3 concentration, and ruminal fermentation parameters.

Feed Additive Dose dDM 
%

dNDF 
%

TGP 
mL/g 
DM

TGP 
mL/g 
dDM

CH4 
mL/g 
DM

CH4 
mL/g 
dDM

pH NH3 
mM

VFA 
mmol/L

Acetic 
%VFA

Propionic 
%VFA

Butyric 
%VFA

Valeric 
%VFA

Caproic 
%VFA

Iso-
butyric 
%VFA

Iso-
valeric 
%VFA

Maize 

Silage

MS 0 70.9a 51.4a 152a 215abc 10.7a 15.1a 6.80 11.8bc 69.1 69.3 16.5b 10.2abc 1.10bc 0.436a 0.95ab 1.50abc

CAT 1.5 70.1a 50.9a 155a 221abc 10.7a 15.2a 6.76 11.6bcd 64.9 69.5 16.5b 10.0abc 1.10bc 0.437a 0.956ab 1.48bc

3 71.6a 51.8a 155a 217abc 11.2a 15.7a 6.73 11.9bc 65.3 69.6 16.4b 10.0abc 1.09c 0.422a 0.944ab 1.47bc

6 67.4a 48.4a 155a 230ab 10.3a 15.4a 6.73 11.5bcd 64.7 70.5 16.1b 9.53bc 1.08cd 0.419a 0.918b 1.43bc

QUE 1.5 67.2a 48.9a 153a 228ab 10.8a 16.1a 6.73 11.3cd 63.4 69.1 16.8b 10.4abc 1.08cd 0.382ab 0.898b 1.38c

3 65.3a 41.2a 129b 198bc 5.25b 8.17b 6.77 10.5de 64.0 67.7 18.7ab 10.5abc 1.02d 0.239bc 0.757c 1.09d

6 54.7b 14.0b 102c 187c 1.50b 2.88c 6.71 9.78e 61.4 68.4 20.1a 9.00c 0.909e 0.214c 0.584d 0.789e

SALA 1.5 68.9a 48.7a 150ab 217abc 11.1a 16.1a 6.80 11.9bc 68.8 69.2 16.4b 10.4abc 1.10bc 0.434a 0.956ab 1.5abc

3 70.0a 48.5a 154a 225ab 10.9a 15.9a 6.56 11.9bc 62.8 69.2 16.3b 10.5abc 1.13abc 0.452a 0.968ab 1.51abc

6 67.6a 43.3a 150ab 215abc 10.5a 15.6a 6.80 12.1bc 68.0 69.8 15.8b 10.3abc 1.11bc 0.459a 0.959ab 1.50abc

TAN 1.5 67.7a 52.0a 159a 235a 12.2a 18.0a 6.76 13.6a 68.0 68.6 16.6b 10.4abc 1.20a 0.469a 1.03a 1.68a

3 67.5a 51.1a 154a 229ab 11.2a 16.6a 6.75 13.5a 66.3 67.9 17.1ab 10.8ab 1.19a 0.455a 0.997ab 1.59abc

6 66.2a 48.3a 150ab 227ab 10.3a 16.0a 6.74 12.7ab 63.9 66.3 18.6ab 11.2a 1.16ab 0.422a 0.931ab 1.44bc

SE 1.99 2.37 5.68 11.8 1.45 2.23 0.082 0.862 4.17 0.612 0.803 0.611 0.029 0.029 0.04 0.054

Grass 

Silage

GS 0 71.9a 67.5a 122ab 170cd 4.36a 6.10b 6.85 18.5ab 66.5 66.5e 19.8ab 8.87cd 1.65bc 0.308cd 1.12b 1.80b

CAT 1.5 70.7ab 65.5ab 121ab 171cd 4.38a 6.23ab 6.88 17.7cd 67.9 67.3cd 19.3cde 8.72cd 1.59de 0.303de 1.07c 1.69c

3 70.3ab 65.3ab 121ab 172cd 4.75a 6.79ab 6.86 17.8cd 65.7 67.6c 19.1de 8.63d 1.57de 0.297def 1.07c 1.68cd

6 70.6ab 65.9ab 121ab 172cd 4.24a 6.00b 6.85 17.6cd 70.7 68.4b 18.9ef 8.22e 1.51f 0.282ef 1.03d 1.60e

QUE 1.5 70.0ab 65.1ab 121ab 173bcd 4.53a 6.48ab 6.80 17.4d 66.3 67.1d 19.8a 8.56d 1.54ef 0.276fg 1.03d 1.62de

3 65.3cd 59.6c 110cd 168cd 2.49b 3.81c 6.87 15.8e 66.5 68.3b 19.5abcd 8.08e 1.49f 0.259g 0.945e 1.47f

6 58.1e 46.9d 108d 190a 1.87b 3.24c 6.86 15.0f 63.5 68.9a 16.5g 10.4a 1.63cd 0.347ab 0.903f 1.34g

SALA 1.5 71.2ab 65.3ab 118abc 166d 4.47a 6.28ab 6.88 17.8cd 65.4 67.2d 19.3cde 8.81cd 1.59cde 0.304de 1.08c 1.71c

3 69.0abc 62.6bc 121ab 175abcd 4.13a 6.20ab 6.85 17.7cd 65.9 67.4cd 19.1de 8.77cd 1.60cd 0.307cd 1.07c 1.68c

6 68.7abc 60.2c 113bcd 165d 4.36a 6.38ab 6.87 17.7cd 64.1 67.6c 18.7f 8.99c 1.61cd 0.313cd 1.08c 1.70c

TAN 1.5 69.4abc 66.4ab 125a 180abcd 5.40a 7.77ab 6.87 18.8a 66.0 66.0f 19.6abc 9.38b 1.69ab 0.329bc 1.16a 1.85a

3 67.4bcd 63.1bc 123a 183abc 5.26a 7.69ab 6.84 18.6ab 65.4 66.0f 19.3cde 9.59b 1.72a 0.357a 1.15ab 1.83ab

6 64.0d 60.3c 121ab 189ab 5.09a 7.96a 6.9 18.1bc 63.5 66.1ef 19.4bcd 9.57b 1.69ab 0.339ab 1.13ab 1.78b

SE 0.765 0.681 4.38 6.86 0.542 0.794 0.041 0.22 1.8 0.255 0.442 0.183 0.015 0.010 0.005 0.01

p-value

(Continued)
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p = 0.026, respectively, for quadratic effects), QUE (p < 0.001 and 
p = 0.001; respectively for quadratic effects), and SALA (p = 0.002 for 
linear effect and p = 0.006 for quadratic effect, respectively), and the 
reductions for all three additives became significantly different relative 
to GS-CTR already at the lowest dose of 1.5%.

The additives had differential and inconsistent patterns of effects 
on proportions of butyric, iso-valeric, valeric and caproic acids in 
total VFA.

Butyric acid proportion in total VFA was linearly reduced by 
CAT (p = 0.002) and became significantly lower than GS-CTR at 
the highest (6%) dose; QUE reduced the proportion of butyric acid 
relative to GS-CTR at the 3% dose but the proportion was 
increased at the highest dose (8.08, 10.4 vs. 8.87% for GS-CTR, 
respectively; p < 0.001 for quadratic effect); while butyric acid 
proportions increased with increasing dose of TAN (p = 0.010 for 
quadratic effect).

The iso-valeric proportion was reduced in a quadratic fashion by 
CAT (p = 0.017), QUE (p = 0.005), and SALA (p = 0.007), but increased 
by TAN relative to GS-CTR. The valeric acid proportions were 
increased by CAT and TAN (p = 0.003 for linear and p = 0.004 for 
quadratic effects, respectively), but reduced by QUE (p = 0.003 for 
quadratic effect).

CAT linearly reduced (p = 0.008) the proportion of caproic acid in 
total VFA (significantly different from GS-CTR at the 6% dose), 
whereas the proportion was increased by TAN (p = 0.001 for quadratic 
effect), and decreased by QUE at the 1.5 and 3% doses only but 
increased at the 6% dose relative to GS-CTR (0.276, 0.259, and 0.347, 
respectively, vs. 0.308 for GS; p = 0.002 for quadratic effect).

The NH3 concentration (mM) was reduced in a quadratic fashion 
with increasing dose of CAT (p = 0.039), QUE (p = 0.008), and SALA 
(p = 0.016). Already at 1.5% of inclusion, CAT, QUE, and SALA had 
significantly lowered NH3 concentrations in the fermented liquid 
post-fermentation compared to GS-CTR, and the greatest reduction 
of 19% was observed with QUE at a dose of 6%, Tables 1, 2.

4. Discussion

With this in vitro experiment that simulates ruminal fermentation, 
the first of two aims were to investigate the individual effects of four 
PSMs, CAT, QUE, SALA, and TAN, using three inclusion doses (1.5, 
3 and 6% w/w DM) and two basal feeds (MS and GS) when 
co-incubated in buffered rumen fluid. In a previous experiment (21), 
we observed potential anti-methanogenic effects of these additives, 
therefore we investigated whether the effects of these compounds were 
dose and substrate dependent. Since several reviews (31–33) conclude 
that PSMs can have different effects depending on the composition of 
the basal feed and the dose, we chose to use two different feeds, MS 
and GS, as substrates and three doses.

4.1. Rumen fermentation characteristics of 
the basal feeds

In GS, NDF dominates the carbohydrate fraction and starch 
content is very low, whereas MS has a higher starch concentration 
(24). In this study, MS had a similar dDM and a lower dNDF but, due 
to the higher starch content, resulted in a higher TGP (mL/g DM) Fe
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TABLE 2 p-value of the linear and quadratic effects of the dose of the plant secondary metabolites for the variables studied.

Feed Additive dDM 
%

dNDF 
%

TGP 
mL/g 
DM

TGP 
mL/g 
dDM

CH4 
mL/g 
DM

CH4 
mL/g 
dDM

pH NH3 
mM

VFA 
mmol/L

Acetic 
%VFA

Propionic 
%VFA

Butyric 
%VFA

Valeric 
%VFA

Caproic 
%VFA

Iso-
butyric 
%VFA

Iso-
valeric 
%VFA

Maize 

Silage

Linear effect

CAT 0.061 0.041 0.293 0.027 0.547 0.722 0.032 0.159 0.361 0.011 0.014 0.012 0.324 0.095 0.022 0.036

QUE 0.022 0.002 0.005 0.069 0.004 0.005 0.226 0.007 0.096 0.382 0.039 0.031 0.001 0.005 0.001 0.001

SALA 0.064 <0.001 0.060 0.966 0.716 0.782 0.916 0.236 0.676 0.016 0.003 0.484 0.513 0.017 0.776 0.984

TAN 0.007 0.119 0.501 0.534 0.389 0.906 0.206 0.169 0.026 0.017 0.033 0.105 0.087 0.566 0.178 0.093

Quadratic effect

CAT 0.154 0.118 0.365 0.306 0.240 0.637 0.116 0.563 0.462 0.323 0.455 0.295 0.598 0.770 0.150 0.613

QUE 0.573 0.126 0.373 0.690 0.798 0.599 0.974 0.374 0.394 0.415 0.997 0.055 0.242 0.153 0.776 0.735

SALA 0.467 0.214 0.103 0.043 0.539 0.365 0.255 0.859 0.272 0.048 0.244 0.259 0.290 0.904 0.324 0.984

TAN 0.682 0.354 0.406 0.235 0.223 0.167 0.481 0.008 0.951 0.857 0.385 0.957 0.020 0.361 0.034 0.023

Grass 

Silage

Linear effect

CAT 0.406 0.235 0.854 0.766 0.538 0.767 0.743 0.008 0.229 <0.001 0.002 0.002 0.003 0.008 <0.001 <0.001

QUE <0.001 <0.001 0.002 0.005 <0.001 <0.001 0.729 <0.001 0.112 <0.001 <0.001 <0.001 0.963 0.008 <0.001 <0.001

SALA 0.013 0.002 0.099 0.462 0.724 0.584 0.964 0.013 0.059 <0.001 0.002 0.137 0.052 0.030 0.005 0.007

TAN 0.001 0.004 0.288 0.019 0.426 0.123 0.094 0.071 0.028 0.123 0.055 0.005 0.007 0.002 0.793 0.147

Quadratic effect

CAT 0.380 0.099 0.657 0.818 0.041 0.038 0.530 0.039 0.403 0.009 0.027 0.316 0.405 0.581 0.026 0.017

QUE 0.172 <0.001 0.079 0.018 0.086 0.087 0.905 0.008 0.332 0.034 <0.001 <0.001 0.003 0.002 0.001 0.005

SALA 0.243 0.156 0.547 0.312 0.436 0.947 0.997 0.016 0.772 0.007 0.197 0.074 0.025 0.064 0.006 0.007

TAN 0.467 0.775 0.202 0.251 0.220 0.220 0.185 0.110 0.547 0.051 0.137 0.010 0.004 0.001 0.019 0.023

dDM, dry matter degradability; dNDF, neutral detergent fiber degradability; TGP, total gas production; VFA, volatile fatty acids; CAT, catechin; QUE, quercetin; SALA, salicylic acid; TAN, tannic acid.
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compared to GS. This difference in TGP between MS and GS is in 
agreement with the results of García-Rodriguez et al. (34), who found 
that after 96 h of incubation in vitro, MS and GS had a mean difference 
of 24% in TGP.

Regarding CH4 production, in the present study we registered a 
higher CH4 production with MS compared to GS, which is also in line 
with the higher concentration of acetic acid. Although, Staerfl et al. 
(35) found a higher CH4 yield in fattening bulls when fed MS 
compared to GS, most in vivo studies comparing the two forages 
generally have shown the opposite results, where GS diets generate 
more CH4 than MS diets (24, 36, 37). According to Hart et al. (38), a 
higher ratio of MS to GS in the diet resulted in a lower CH4 yield from 
dairy cows due to the higher amount of starch, which favors hydrogen 
consuming fermentation pathways leading to formation of propionic 
acid, thereby diverting hydrogen away from CH4 production (39). 
Feeding diets high in NDF on the other hand can favor net-hydrogen 
producing fermentation pathways leading to more acetic acid 
formation. This difference between the results obtained in vitro and 
those obtained in vivo could probably be explained by adaptation of 
the rumen microbial population over time to diets in vivo, resulting 
in changes in microbe specific fermentation pathways, which will not 
happen over the short time duration of in vitro experiments. The in 
vitro experiments generally lasted 48 h, which must be insufficient 
time for the microbial population of the rumen fluid donor cows to 
adapt to the new “diet.”

Generally higher concentration of NH3 was produced when GS 
was used as substrate, which is in accordance with the fact that GS has 
higher CP content compared to MS (179 vs. 77.7 g/kg).

4.2. Impact of PSMs on feed degradability, 
TGP, CH4 production, and rumen 
fermentation parameters

Among the additives tested, QUE induced specific and dramatic 
reductions in CH4 production, and this could not simply be ascribed 
to an overall suppression of fermentation, since the reduction in CH4 
production was more extensive than the observed reduction in feed 
degradability and TGP. Yet, the reduction in dDM and dNDF did not 
reduce overall VFA concentration.

The reductions in CH4 production induced were consistent on 
both feeds and there was a linear reduction with increased dose of 
QUE. In the present study, the ability of QUE to reduce CH4 
production was observed in combination with both types of 
substrates, and at the highest dose (6%) of QUE the CH4 production 
was reduced to similar levels of 2.9 (MS) to 3.2 (GS) mL/g 
dDM. However, the quantitative reduction was substantially higher 
with MS than GS as substrate (80.6 vs. 57.1%) due to the higher 
intrinsic CH4 production during fermentation of MS (15.1 mL/g 
dDM) compared to GS (6.1 mL/g dDM). Results from previous in 

FIGURE 1

Effect of the dose of inclusion (1.5, 3, and 6% of feed dry matter) of quercetin (QUE) on degradability, total gas and methane productions, ammonia, 
total volatile fatty acids (VFA) and propionic acids concentrations with maize silage (MS) as basal feed.
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vitro studies on anti-methanogenic effect of QUE have been 
consistent. Both in vitro studies, Oskoueian et al. (19) and Sinz 
et al. (17), found that QUE inhibited CH4 production. In the study 
of Oskoueian et  al. (19), QUE induced the anti-methanogenic 
effect at the dose 4.5–5% of the substrate DM. Addition of QUE at 
4.5% of DM to a mixture of guinea grass and concentrate (60:40) 
induced a reduction of 27.9% in CH4 (mL/g DM) combined with 
an increase in TGP compared to the control. Sinz et  al. (17) 
performed in vitro dose–response study with the concentration of 
QUE at 0.05, 0.5 and 5% of the substrate DM. At all doses QUE was 
an effective anti-methanogenic additive (17), 5% of QUE caused a 
22.8% reduction in CH4 production (mL) in vitro. In our study the 
anti-methanogenic effect of QUE linearly diminished between the 
dose of 3 to 1.5% of the substrate DM for MS as basal feed and 
between 3 to 6% for GS as basal feed. In the study of Sinz et al. (17) 
the anti-methanogenic effect of QUE was significant even at 0.5% 
of the substrate DM, which is not consistent to our study. The 
different outcomes observed can be due to the characteristics of the 
substrates used and their interaction with QUE. This aspect has 
been observed also with other additives, both in vitro and in vivo. 
For example an in vitro study of Castro-Montoya et al. (40) tested 
seven feed additives of different types and with different mode of 
action on concentrate, GS, MS and a mixture of the three of them, 
finding different responses of each additive on CH4 mitigation 
depending on the substrates. The new commercially available 
additive 3-nitrooxypropanol (3-NOP) is another example of an 

additive, where the anti-methanogenic potential is influenced by 
the basal diet. The study of van Gastelen et al. (41) tested the CH4 
mitigation potential of 3-NOP on dairy cows by adding it to a 
maize silage-based diet, a grass silage-based diet, or mix of them. 
Similarly, to what we observed with QUE, 3-NOP decreased CH4 
yield from cows fed either of the diets, however the reduction was 
smaller for grass silage-based diet compared with both the mixed 
and maize silage-based diet. One possible explanation for the 
greater efficacy of QUE with MS rather than GS as a substrate 
could be linked to its action on protozoa. In the rumen, certain 
methanogens have a symbiotic relationship with the protozoa (42), 
and Lengowski et al. (43) observed a greater abundance of protozoa 
in dairy cows that were fed a diet based on MS compared to a 
GS-based diet. In an in vitro study, Kim et al. (44) found that a 
reduction in the population of protozoa was associated with 
reduced CH4 production when different flavonoid-rich plant 
extracts were added to feed substrate. Thus, being a flavonoid, QUE 
may have reduced CH4 more efficiently with MS as the substrate 
due to suppression of an otherwise more extensive growth and/or 
metabolism of protozoa and hence methanogen populations, when 
MS rather than GS was provided as a substrate for fermentation. 
The anti-microbial effect of flavonoids could be due to inhibition 
of bacterial cytoplasmic membrane function, their cell wall 
synthesis, or through inhibition of their nucleic acid synthesis (19, 
45). Thus, reduced protozoa, protozoa-associated methanogens 
and free methanogens are likely explanations for the reduction on 

FIGURE 2

Effect of the dose of inclusion (1.5, 3, and 6% of feed dry matter) of quercetin (QUE) on degradability, total gas and methane productions, ammonia, 
total volatile fatty acids (VFA) and propionic acids concentrations with grass silage (GS) as basal feed.
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CH4 production induced by QUE. Other tested PSMs in the present 
study did not have specific suppressive actions on CH4 production, 
but they did interfere with ruminal feed fermentation in other ways.

The observed decrease in dDM and/or dNDF of either of the 
two feed substrates with addition of increasing doses of TAN, can 
be ascribed to the generally recognized ability of tannins to bind to 
proteins and other feed components, thereby decreasing microbial 
access and ruminal degradability (46). However Getachew et al. (47, 
48), in contrast to our results, found no impact on in vitro 
degradability when TAN was added at concentrations of up to 10% 
of substrate DM. To the best of our knowledge, no one has ever 
previously studied how SALA influences rumen fermentation. For 
SALA and TAN, but not QUE, depressions in dDM were associated 
with linear decreases in total VFA concentrations, although 
concentrations never differed significantly from those obtained, 
when the basal feeds were fermented without any additive. Changes 
in dDM were generally associated with changes in dNDF, but 
neither of the two were necessarily related to changes in TGP, CH4 
production or total VFA concentration. All the additives induced 
changes in the relative proportions of the individual VFAs. In this 
context it is relevant to keep in mind that in the absence of changes 
in overall production, a change in the proportion of a single VFA 
will inevitably result in changes to the percentages of the 
other VFAs.

The type of basal feed did not influence the total concentration of 
VFA, but major changes occurred in proportions of the individual 
VFA. There were consistent effects across PSMs of increasing doses on 
proportions of acetic and propionic acids in the fermented inoculum 
post-fermentation, but quantitative changes were modest. Among the 
PSMs, QUE was the only one that induced a linear increase in 
propionic acid proportions although only when added to MS. During 
rumen fermentation, pathways resulting in propionic acid formation 
act as hydrogen sinks and hence competes with CH4 formation for 
hydrogen. Pathways leading to formation of acetic and butyric acids 
on the other hand lead to net formation of hydrogen, which 
methanogens can subsequently use to convert CO2 to CH4 (49). Thus, 
the observed increase of propionic acid is consistent with an anti-
methanogenic effect of QUE, since excess hydrogen following 
inhibition of CH4 formation would give rise to channeling of excess 
hydrogen into alternative pathways.

The same effect of QUE on propionic acid was not observed with 
GS as feed substrate, and unexpectedly QUE increased the proportion 
of acetic acid with GS as a substrate. We  have no immediate 
explanation for these contradictory results depending on the nature 
of the basal feed. Acetic acid originates mainly from fiber degradation, 
and it is odd to observe an increase in acetic acid proportion 
coinciding with a reduction in NDF degradability. However, others 
have also reported that inhibition of methanogenesis in some cases 
results in an increased proportion of propionic acid at the expense of 
acetic acids (26, 49).

The second aim of this experiment was to evaluate whether the 
studied PSMs had the ability to influence NH3 formation in the rumen 
as an indicator of changes in N-metabolism, which is an important 
concern in terms of optimizing N-utilization and minimizing 
N-excretion from the animal. Increased doses of QUE when 
co-incubated with both feeds, and of CAT and SALA when 
co-incubated with GS only, reduced concentrations of NH3 in the 
fermented liquid. Such a reduction of NH3 concentration could reflect 

either a reduced feed protein degradation or an increased microbial 
protein synthesis. Since QUE, CAT, and SALA all had a suppressive 
effect on feed degradability, it is unlikely that microbial protein 
synthesis was enhanced by these PSMs. Therefore, the most plausible 
explanation for the observed reductions of NH3 concentrations is a 
suppression of protein degradation. The simultaneous changes in 
iso-butyric, valeric, and iso-valeric acids concentrations seem to 
support this, since these VFAs are byproducts from branched-chained 
amino acid deamination. Our study showed that flavonoids, such as 
QUE and CAT, and phenolic acids, such as SALA, are able to induce 
effects on N metabolism similar to those of tannins. This can protect 
feed protein from ruminal degradation, reduce NH3 absorption and 
potentially decrease N losses via urinary excretion.

5. Conclusion

Among the tested compounds, only the flavonoid QUE could 
inhibit CH4 emission from rumen feed fermentation, but the dose-
dependent magnitude of change was more pronounced when MS was 
used as the feed substrate compared to GS. Both of the tested 
flavonoids, CAT and particularly QUE as well as the phenolic acid 
SALA, but not the hydrolysable tannin TAN, had more or less 
extensive suppressive effects on rumen metabolic pathways leading to 
NH3 formation, and when manifested depending on the basal feed, 
this could apparently be ascribed to suppression of bacterial amino 
acid catabolism. These findings encourage to further in vivo studies to 
verify whether QUE at a dietary inclusion rate of 3% in DM can 
reduce CH4 emission also in dairy cows, which would open for its 
possible use as a natural and safe feed additive to suppress both 
ruminal CH4 formation and protein degradation without affecting 
overall bacterial VFA production.
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Effect of Pu-erh tea pomace on 
the composition and diversity of 
cecum microflora in Chahua 
chicken No. 2
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Minghua Yang 1, Hongbin Pan 1, Sumei Zhao 1*  and Yongneng Li 3*
1 Yunnan Provincial Key Laboratory of Animal Nutrition and Feed Science, Faculty of Animal Science and 
Technology, Yunnan Agricultural University, Kunming, China, 2 College of Biotechnology and 
Engineering, West Yunnan University, Lincang, China, 3 College of Veterinary Medicine, Yunnan 
Agricultural University, Kunming, China

Pu-erh tea pomace (PTP), a solid substance after extracting functional substances 
or steeping tea, is rich in crude protein, and crude fiber, and could be used as 
considerable bioactive substances in animal production. However, its application 
as poultry feed and its role in regulating the characteristics of gut microorganisms 
is unclear. The present study investigated the effects of PTP on growth 
performance and gut microbes of chicken. A total of 144 Chahua chickens No. 
2 were individually housed and divided into three groups which were fed diets 
containing 0% (CK), 1% PTP (T1), and 2% PTP (T2), respectively. The serum and 
cecum contents were collected after slaughter for analysis. The results indicated 
that growth performance and carcass traits were not affected by the PTP content. 
Serum total triglyceride (TG), total cholesterol (TC), and low-density lipoprotein 
cholesterol (LDL-C) levels in the T1 and T2 groups were significantly lower than 
in the CK group (p  <  0.05). The gut microbiota α-diversity in the T2 group was 
significantly lower than in the CK group (p  <  0.05). Based on partial least squares-
discriminant analysis (PLS-DA), we  observed significant segregation in gut 
bacterial communities among the groups. At the phylum level, Bacteroidetes and 
Firmicutes were dominant in the cecum, occupying about 85% of the cecum 
flora. The relative abundance of Bacteroidetes tended to increase. At the genus 
level, the relative abundance of Bacteroides is the highest in the CK、T1 and T2 
groups. The relative abundances of Bacteroides and Prevotellaceae_UCG-001 
microorganisms in the T2 group were significantly higher than in the CK group 
(p  <  0.05). However, the relative abundance of CHKCI001 microorganisms in 
the T2 group was significantly lower compared to the CK group (p <  0.05). TG 
content was significantly positively correlated with CHKCI001 relative abundance, 
and significantly negatively correlated with Prevotellaceae_UCG-001 relative 
abundance (p <  0.05). Moreover, the LDL-C content was significantly positively 
correlated with CHKCI001 relative abundance (p  <  0.05). In conclusion, PTP could 
decrease the cholesterol levels in the blood by improving the composition of gut 
microbiota, which provides a reference for the application of PTP in the poultry 
industry.
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Pu-erh tea pomace, Chahua chickens No. 2, growth performance, blood biochemistry 
indexes, cecum microflora
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1 Introduction

Global population growth is putting tremendous pressure on 
the food industry for meat, egg, and milk products, which are the 
best way for humans to obtain protein and energy (1, 2). Animal 
feed production accounts for approximately 70% of total 
production costs (3, 4), which restricts the development of 
animal husbandry (5). Therefore, developing non-conventional 
feed sources is one of the main tasks of those working in the 
livestock industry (6).

Pu-erh tea is one of the most consumed teas in China (7), It is an 
over-fermented tea formed under the complex joint action of many 
microorganisms, resulting in a unique flavor and rich composition 
(8), which storage has been 718,900 tons in 2019 (9). Tea pomace 
(TP), a solid substance after extracting functional substances or 
steeping tea, is rich in crude protein, crude fiber, and considerable 
bioactive substances (4, 10, 11). Tea, its by-products and extract can 
enhance production performance, improve egg and meat quality, 
reduce fat deposition, regulate the diversity and abundance of gut 
microbiota, and increase antioxidative properties in poultry (8, 12–
17). However, TPT is rarely used as an unconventional feed source in 
the poultry industry.

The intestine is not only an important digestive organ of broilers 
but also contains abundant microorganisms (18, 19). There is a 
complex and close association between gut microbes and their hosts 
(20, 21), and healthy individuals are accompanied by a continuously 
and steadily changing microbial community (22, 23). In mature 
chickens (broilers and egg layers), advantageous microbes in the 
cecum are Firmicutes and Bacteroidetes (24). Numerous studies have 
shown that chicken production, fat deposition, and body metabolism 
are associated with the gut microbiota (24–28).

Chahua chickens No.2, a line of Chahua chickens obtained after 
multi-generation inbreeding in Yunnan Province, is a synthetic breed. 
This study aimed to investigate the feasibility of Pu-erh tea pomace 
(PTP) as a non-conventional feed resource, and its role in regulating 
chicken growth performance, serum biochemistry, and cecum flora 
diversity, which provides theoretical data and reference for the 
application in poultry production.

2 Materials and methods

2.1 Pu-erh tea pomace components

PTP grounds were obtained from a company specializing in 
Pu-erh tea (TAETEA Group; Kunming), which was dried at 65°C for 
4 h, ground, and passed through a 40 mesh sieve. Moisture, crude ash, 
crude protein, crude fiber, and crude fat were determined separately 
according to the methods in GB 6435–2014, GB/T 6438–2007, GB/T 
6432–2018, GB/T 6434–2022, and GB/T 6433–2006. Amino acids 
were determined using a Sykam fully automated analyzer module 
(S433D; Sykam, Germany), according to the method described in GB 
5009.124–2016.

Tea polyphenol content was determined by a Multifunction 
microplate reader (Multiskan GO ELISA, Thermo, USA). Ethanol 
(1 mL) was added to TPT (0.1 g) in a 2 mL tube. The polyphenol in the 
sample was released by ultrasonication for 30 min at 60°C, and 

centrifuged at 12000 rpm for 10 min. The supernatant (0.25 mL) was 
taken into the assay tea polyphenol at 760 nm.

2.2 Experimental design and treatments

All animal procedures were performed according to the Guide for 
Animal Care and Use of Laboratory Animals in the Institutional 
Animal Care and Use Committee of Yunnan Agricultural University. 
The Department Animal Ethics Committee approved the experimental 
protocol of the Yunnan Agricultural University. All Chahua chickens 
are obtained from the farm of the Yunnan Agricultural University. All 
chickens were housed individually in 35 × 35 × 45 cm cages. Healthy 
Chahua chickens No.2 (meat-based laying hens; n = 144; 1730 g ± 50 g; 
45 weeks old) were assigned to the control group (CK), trial 1 group 
(T1), and trial 2 groups (T2), which groups CK, T1, and T2 were fed a 
basic diet, 1% PTP, and 2% PTP, respectively. The nutritional 
requirements of the chickens were met by corn, soybean meal, and 
soybean oil, according to the feeding standard for yellow-finned meat-
based laying hens mentioned in NY/T 33–2004 (Table 1). The chickens 
were fed the corresponding meal for 28 days (test phase). During the 
experiment, the chicken house was provided 16 h of light and 8 h of 

TABLE 1 Dietary composition and conventional nutrient content.

CK T1 T2

Component %

Corn 63.26 62.02 60.86

Soybean 24.51 24.15 23.76

Oil 1.85 2.46 3.00

Calcium hydrogen phosphate 2.57 2.56 2.57

Calcium carbonate 6.1 6.12 6.12

Salt 0.3 0.30 0.30

DL-Methionine 0.25 0.25 0.26

L-Lysine 0.11 0.10 0.09

Threonine 0.05 0.04 0.04

Premix1 1.00 1.00 1.00

Pu-erh tea residue 0.00 1.00 2.00

Nutrition level

Metabolizable energy_MJ/kg 11.62 11.63 11.62

Crude protein_% 16.34 16.34 16.34

Crude fiber_% 1.82 2.00 2.19

Calcium_% 3.04 3.04 3.04

Total phosphorus_% 0.66 0.66 0.66

Lysine_% 0.92 0.92 0.92

Methionine and cystine_% 0.82 0.81 0.81

Threonine_% 0.66 0.66 0.67

1Premix can be provided per kg diet: Vitamin A 10000 IU, Vitamin D3 5,000 IU, Vitamin E 
13 IU, Vitamin K3 4.8 mg, Vitamin B1 1.8 mg, Vitamin B2 3.0 mg, Vitamin B6 2.0 mg, 
Vitamin B12 0.01 mg, niacinamide 20 mg, Sodium D-pantothenate 10 mg, folate 0.55 mg, 
D-biotin 0.15 mg, choline 380 mg, Fe 60 mg, Cu 8 mg, Mn 60 mg, Zn 60 mg, I 0.35 mg, Se 
0.48 mg, Ca 180 mg.
CK, 0% Pu-erh tea pomace diet; T1, 1.0% Pu-erh tea pomace diet; T2, 2.0% Pu-erh tea 
pomace die.
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dark each day, the temperature was kept at (21 ± 2°C), and the humidity 
was maintained at (50–55%).

2.3 Performance measurement and sample 
collection

The feed intake, health status, and mortality of the chickens were 
recorded throughout the trial period. At 28 d, one chicken from each 
replicate was randomly selected for slaughter by carotid artery 
bloodletting. The blood (5 mL) was collected from the left inferior 
wing vein of the chicken through a negative pressure collection vessel. 
After 45 min, serum was collected by centrifugation at 3500 rpm/min 
for 10 min in a high-speed centrifuge. The serum was collected in 
tubes and stored in a refrigerator at −80°C. Carcass traits were 
determined, and the contents of the chicken cecum contents were 
stored in a − 80°C refrigerator for 16S rRNA sequencing.

2.4 Blood biochemistry indexs determination

The content of blood biochemistry indexs including glucose 
(GLU), total triglyceride (TG), total cholesterol (TC), low-density 
lipoprotein cholesterol (LDL-C), and high-density lipoprotein 
cholesterol (HDL-C) was measured by Mindray automatic analyzer 
(BS-190, Shenzhen Mindray Bio-Medical Electronics Co., Ltd., 
Shenzhen, Guangdong, China) according to the commercial kits 
(Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, 
China) as described by Cheng (29).

2.5 16S rRNA sequencing

Cecal microbiota traits were determined according to a previously 
described method (4). The OmicSmart platform was used for 
composition, diversity, correlation, and functional prediction. 16S 
rDNA was extracted from the cecal contents of Chahua chicken No. 2 
using the HiPure fecal DNA extraction kit, and the quality of extraction 
was detected by NanoDrop 2000 microspectrophotometer and agarose 
gel electrophoresis. The V3/V4 region of 16S rDNA was amplified by 
F:5 ‘-CCTACGGGNGGCGG-3’ /R:5 ‘-GGACTACHVGGGTATC 
TAAT-3 ‘primer sequence. The 16S rDNA sequence was amplified once 
and twice using the Q5 enzyme amplification system and KOD enzyme 
amplification, respectively. The PCR procedure was as follows: 
predenaturation at 95 ° C for 5 min; There were 30 cycles of 
denaturation at 95 ° C for 1 min, annealing at 60 ° C for 1 min, and 
stretching at 72 ° C for 1 min, followed by stretching at 72 ° C for 7 min. 
PCR instrument (ETC811, Eastwin Scientific Equipment, China). PCR 
products were purified using AMPure XP Beads. Secondary PCR 
amplification products were quantified using the ABI StepOnePlus 
Real-Time PCR system and sequenced by pooling in PE250 mode on 
a Novaseq 6,000. After sequencing, FASTP software was used to screen 
high-quality reads from raw reads, FLSAH and QIIME software were 
used for splicing and tag filtering, and UCHIME software was used to 
remove chimeras to obtain OTUs. Subsequently, the OTU with the 
lowest abundance was filtered (flattened) by the Omicsmart platform 
at a filtering level of 0.005% to reduce OTU misassembly results caused 
by low-abundance read clustering. Cluster analysis of the optimized 
OTUs was performed using UPARSE process software. According to 

the existing microbial annotation information, the OTU after quality 
control was aligned with the existing microbial information database, 
and the “OTU- microorganisms “annotation was completed by RDP 
classifier software. The composition and abundance of microbes in 
each group were analyzed based on the Omicsmart platform. The 16S 
rDNA results were annotated using Tax4FUN software and PICRUSt 
software to predict the functional and phenotypic differences in the 
microbiota between the different groups.

2.6 Correlation analysis of variance 
indicators

Spearman’s correlation coefficients for serum indicators (TG, TC, 
and LDL-C) and microorganisms were calculated using the Corr 
function in SAS 15.0 software. Correlation heat maps were generated 
using GraphPad PRISM 9 software.

2.7 Data analysis

Growth performance, carcass traits, and serum biochemical data 
were initially collated using excel, and all data were analyzed by the 
GLM method using SAS 15.0 software. 16S rRNA sequencing data 
were analyzed using the Omicsmart platform, and significance was 
tested using Welch’s t-test between two groups and the KW rank sum 
test between multiple groups. Data were expressed by sample mean 
and one total standard error of the mean (SEM), with p < 0.05 
indicating a significant level of difference and p < 0.01 indicating a 
highly significant level of difference.

3 Results

3.1 Pu-erh tea pomace (PTP) contents

16 amino acids were detected in PTP. The highest content in PTP 
was glutamic acid (about 47.23 mg/g) and the lowest content in PTP was 
cysteine (about 0.4 mg/g). In addition, the crude protein, crude fiber, 
crude fat, crude ash, moisture, and total Polyphenols in PTP were about 
27.27%, 21.5, 3.8%, 3.7%, 4.8%, and 2.61 mg/g, respectively (Table 2).

3.2 Growth performance and carcass traits

There were no significant differences in growth performance and 
carcass traits among the CK, T1, and T2 groups including initial body 
weight, final body weight, average daily feed intake, slaughter weight, 
half-evisceration weight, evisceration weight and belly fat weight 
(p > 0.05) (Table 3).

3.3 Blood biochemistry

Serum total triglyceride (TG), total cholesterol (TC), and 
low-density lipoprotein cholesterol (LDL-C) levels in the T1 and T2 
groups were significantly lower than in the CK group (p  < 0.05). 
Compared with the CK group, the TC content in the T1 and T2 groups 
was decreased by 25.75 and 28.14% (p < 0.05), respectively. The TG 
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content in the T1 and T2 groups was decreased by 51.88 and 52.48% 
(p < 0.05), respectively. The LDL-C content in the T1 and T2 groups 
was decreased by 30 and 46.36% (p < 0.05), respectively (Table 4).

3.4 Microbiological diversity

The gut microbiota α-diversity in the T2 group was significantly 
lower than the CK group (p < 0.05), while there was no significant 
change in the T1 group (Figure 1). The gut microbiota α-diversity in 
the T2 group was significantly lower than in the T1 group (p < 0.05). 
Based on partial least squares- discriminant analysis (PLS-DA), 
we  observed significant segregation in gut bacterial communities 
among the groups (Figure 2).

3.5 OTU cluster and microbiological 
composition

A total of 914, 880, and 873 OTUs were observed in groups CK, 
T1, and T2, respectively. There are 725 OTUs in the intersection of 3 

groups; 784 OTUs in the intersection of CK and T1; 789 OTUs in the 
intersection of CK and T2; and 766 OTUs in the intersection of T1 and 
T2. The number of OTUs crossed in the CK, T1, and T2 groups was 
725, and the number of OTUs intersecting each other was 59, 41, and 
64, respectively, While the number of OTUs exclusive to CK, T1, and 
T2 groups ware 66, 55 and 43, respectively (Figure 3).

At the phylum level, Bacteroidetes, Firmicutes, Proteobacteria, and 
Spirochaetes were dominant in the cecum, occupying more than 90% of 
the cecum flora. The relative abundance of Bacteroidetes tended to 
increase. The ratio of Firmicutes/Bacteroidetes (F/B) in the T1 and T2 
groups decreased by 14.12 and 34.00%, respectively. The ratio of F/B 
tended to decrease in contrast to the CK (Figure 4). At the genus level, 
Bacteroides, Rikenllaceae_RC9_gut_group, Phascolarctobaterium, 
Lactobacillus, Ruminococcus_torques_group, Prevotellaceae_UCG-001, 
and CHKCI001 were dominant. These microbes accounted for more 
than 45% of the horizontal microorganisms in the cecum, whereas 
unidentified species accounted for 36.58%. The relative abundance of 
Bacteroides is the highest in the CK、T1 and T2 groups (Figure 5).

Eleven different genera were screened among the three groups: 
Bacteroides, Prevotellaceae_UCG-001, CHKCI001, Oscillibacter, 
Akkermansia, Eubacteri-um_coprostanoligenes_group, GCA-900066575, 
Ruminococcaceae_UCG-004, and Flavonifractor (Figure 6). The genera 
with connectivity ≥5 included Bacteroides, CHKCI001, Oscillibacter, and 
Akkermansia, among which the relative abundance and connectivity of 
Bacteroides were the largest, indicating that Bacteroides plays a role in 
regulating other indicator species, whereas the latter three genera may 
be the “central bridge” for Bacteroides to function.

Bacteroides negatively regulated CHKCI001, Oscillibacter, 
Akkermansia, Eubacterium_coprostanoligenes_group, 
Ruminiclostridium_9, Ruminococcaceae_UCG-004, and Family_XIII_
AD3011_group. CHKCI001, Oscillibacter, Akkermansia, 
Ruminococcaceae_UCG-004, and Family_XIII_AD3011_group may 
be an intermediate group that transmits the positive regulatory effect of 
Bacteroides on Prevotellaceae_UCG-001, whereas Bacteroides negatively 
regulates GCA-900066575 through CHKCI001, Oscillibacter, 
Eubacterium_coprostanoligenes_group, and Ruminiclostridium_9.

3.6 Differential microbes

A Tukey-TSD test was performed on the top  10 genera of 
relative abundance in the cecum of chickens (Figure 7). The relative 

TABLE 2 Ingredients of pu-erh tea pomace.

Items Contents Items Contents

Amino acid content mg/g Histidine 13.06

Aspartic acid 36.54 Lysine 19.88

Threonine 18.16 Argnine 21.85

Serine 18.11

Glutamic acid 47.23 Nutrient overview (Air-drying)%

Glycine 21.64 Moisture 4.8

Alanine 24.4 Crude Ash 3.7

Cysteine 0.4 Crude Protein 27.27

Valine 27.06 Crude Fiber 21.5

Methionine 1.75 Crude Fat 3.8

Isoleucine 22.57

Leucine 37.82

Tyrosine 12.33 Bioactive substances mg/g

Phenylalanine 21.66 Total polyphenols 2.61

TABLE 3 Results of growth performance and carcass traits.

CK T1 T2 SEM p-value

Growth performance

Initial body weight/ g 1710 1,684 1704 48.03 0.892

Final body weight / g 1768 1,694 1748 24.81 0.463

Average daily feed intake / g 96.89 98.51 90.28 1.52 0.062

Carcass traits

Slaughter weight / g 1572.49 1573.22 1575.79 29.96 0.992

Half-evisceration weight / g 1317.63 1374.08 1349.2 34.03 0.675

Evisceration weight / g 1044.65 1098.18 1063.75 26.8 0.605

Belly fat weight / g 89.98 84.71 100.73 7.21 0.604

CK, 0% Pu-erh tea pomace diet; T1, 1.0% Pu-erh tea pomace diet; T2, 2.0% Pu-erh tea pomace diet.
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abundances of Bacteroides and Prevotellaceae_UCG-001 
microorganisms in the T2 group were significantly higher than in 
the CK group (p  < 0.05). However, the relative abundance of 
CHKCI001 microorganisms in the T2 group was significantly 
lower compared the CK group (p < 0.05). The relative abundances 

of Bacteroides and Prevotellaceae_UCG-001and CHKCI001  in 
group T1 was no significant difference in the cecum, in which the 
relative abundance of Prevotellaceae_UCG-001 tended to increase 
(p = 0.07).

The results of LEfSe analysis in the CK, T1 and T2 groups showed 
that Ruminococcaceae, Akkermansiaceae, Oscillibacter, 
Lachnospiraceae, Flavonifractor, Eubacterium_brachy_group, Family_
XIII, Ruminococcaceae_UCG_004, Peptococcaceae, 
Ruminiclostridium_9, Clostridiales, Lactobacillus_agilis 
Angelakisella, Family_XIII_AD3011_group, Akkermansia, Clostridia, 
CHKCI001, Verrucomicrobiales, and Anaerotruncus clustered mainly 
to the CK group (p < 0.05). Aeriscardovia, Aeriscardovia_aeriphila, 
Eubacterium_coprostanoligenes_group, GCA_900,066,575, 
Hydrogenoanaerobacterium, Eubacterium, and Eubacterium_
nodatum_group were mainly clustered to group T1 (p < 0.05), while 
Bacteroides, Propionibacteriales, Prevotellaceae_UCG_001, 
Intestinimonas, Bacteroidaceae, Mediterranea_massiliensis, 
Pirellulales, Sphingomonadaceae, Sphingomonadales, Nocardioidaceae, 
Nocardioides, Pirellulaceae, and Bacteroides_gallinaceum were mainly 
clustered to the T2 group (p < 0.05) (Figure 8).

TABLE 4 Serum biochemical results (mmol/L).

CK T1 T2 SEM p-value

GLU 10.16 10.15 9.62 0.178 0.378

TC 3.34a 2.48b 2.40b 0.163 0.021

TG 11.70a 5.63b 5.56b 0.893 0.001

HDL-C 0.38 0.37 0.37 0.021 0.987

LDL-C 1.10a 0.77b 0.59b 0.078 0.015

CK, 0% Pu-erh tea pomace diet; T1, 1.0% Pu-erh tea pomace diet; T2, 2.0% Pu-erh tea 
pomace diet.
a,bThe same numerical shoulder marker indicates that the difference is not significant, 
different numerical shoulder markers indicate that the difference is significant, lowercase 
shoulder marker letters indicate that the difference level is p < 0.05, uppercase shoulder 
marker letters indicate that the difference is p < 0.01, and the same later.

FIGURE 1

Alpha Diversity (A) Shannon index (B) Pielou index (C) Simpson index. ‘ns’ represents p  >  0.05, ‘**’ represents p  <  0.01, and ‘***’ represents p  <  0.001. CK, 
0% Pu-erh tea pomace diet; T1, 1.0% Pu-erh tea pomace diet; T2, 2.0% Pu-erh tea pomace diet. CK, 0% Pu-erh tea pomace diet; T1, 1.0% Pu-erh tea 
pomace diet; T2, 2.0% Pu-erh tea pomace diet.
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3.7 Functional forecast

At Level 3, the relative abundances of other glycan degradation, 
secondary bile acid biosynthesis, beta-alanine metabolism, primary 
bile acid biosynthesis, and apoptotic metabolism in the T2 group were 

significantly higher than those in the CK group (Figure 9). The relative 
abundance of metabolic pathways was significantly higher in the CK 
group, and the metabolic pathways of secondary bile acid biosynthesis, 
beta-alanine metabolism, and primary bile acid biosynthesis were 
higher than those in the T1 group, whereas the relative abundance of 
metabolic pathways in the CK and T1 groups was not significantly 
higher (Figure 9). The relative abundance of metabolic pathways was 
not significantly different between the CK and T1 groups (Figure 9).

3.8 Correlation analysis

Serum TG levels were significantly positively correlated with 
CHKCI001 (p < 0.01) and negatively correlated with Prevotellaceae_
UCG-001 (p < 0.05), whereas serum LDL-C levels were significantly 
positively correlated with CHKCI001 (p < 0.05), whereas serum TC 
levels were not correlated with Bacteroides, CHKCI001 or 
Prevotellaceae_UCG-001 (Figure 10).

4 Discussion

Pu-erh tea pomace (TPT) is the residue left after the 
extraction of active substances from Pu′er tea, most of which is 
treated and disposed of as waste. Some studies have shown that 
tea powder can improve the growth performance and intestinal 
microbial diversity of chickens (17, 18, 30). However, there are 
few reports on the nutritional composition of PTP and its impact 
on poultry production performance and intestinal microbiota. 
This study shows that the nutritional composition, amino acids, 
and tea polyphenols in PTP were measured. 16 amino acids were 
detected in PTP. The highest content in PTP was glutamic acid 
(about 47.23 mg/g) and the lowest content in PTP was cysteine 
(about 0.4 mg/g). In addition, the crude protein, crude fiber, 
crude fat, crude ash, moisture, and total Polyphenols in PTP were 
about 27.27%, 21.5, 3.8%, 3.7%, 4.8%, and 2.61 mg/g, respectively. 
The data showed that PTP contains abundant amino acids, crude 
protein, crude fiber, and tea polyphenols, which can be used as a 
non-conventional feed source.

We added 1 and 2% PTP to explore their effects on the chicken 
characteristics. The results showed that growth performance and 
carcass traits were not affected by the PTP content. Contrary to 
previous study results showing that green tea pomace could reduce the 
chicken abdominal fat rate (31), no significant changes in chicken 
abdominal fat occurred in this study. The timing of the experiment 
may not have been sufficient for the observation of adipose tissue, 
which is the final destination of fatty acids.

Pu-erh tea (PT) can reduce fat deposition, TG, TC, HDL-C, 
LDL-C, and GLU levels are important indicators of glucolipid 
metabolism. TC is the main form of energy storage in the body, and 
serum TG concentration shows the capacity of fat deposition in 
animals. TC is the total cholesterol contained in lipoproteins in the 
blood that is typically considered the primary biomarker of fatty acid 
metabolism (32). Previous reports have shown that pu-erh tea can 
reduce lipid deposition by regulating fat metabolism (33, 34). 
However, PTP addition did not reduce the weight and fat weight of 
chickens in the present study. This study indicated that PTP could 

FIGURE 2

PLS-DA analysis. CK, 0% Pu-erh tea pomace diet; T1, 1.0% Pu-erh tea 
pomace diet; T2, 2.0% Pu-erh tea pomace diet. t1 (%): principal 
component 1, the position of the sample in the horizontal 
coordinate, the percentage indicates the interpretability of the 
sample by principal component 1; t2 (%): principal component 2, the 
position of the sample in the vertical coordinate, the percentage 
indicates the interpretability of the sample by principal component 2. 
Different groupings of samples are indicated using different colors. 
The more similar the sample composition, the closer the samples are 
on the graph.

FIGURE 3

Shared OTU analysis of the different groups. CK, 0% Pu-erh tea 
pomace diet; T1, 1.0% Pu-erh tea pomace diet; T2, 2.0% Pu-erh tea 
pomace diet.
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decrease TG, TC, and LDL-C levels, which is consistent with the 
results of a previous study (30). Therefore, PTP may be responsible for 
regulating lipid metabolism.

In the digestive tract of chickens, complex gut microecosystems 
play a potential role in digesting and inhabiting pathogens and 
upholding the structural integrity of the digestive tract to promote a 
healthy body (35). The chicken cecum contains the largest number 
and diversity of microorganisms important for the growth, 
development, and health of chickens (24). Firmicutes and Bacteroidetes 
were the top two bacterial phyla in this study, which is consistent with 
a previous summary of chicken gut microbial data (36). Firmicutes are 
the main microbes and their relative abundance decreases with age in 
chicks, whereas the Bacteroidete’s relative abundance increases in 

mature chickens (35). This trend may be explained by the fact that 
mature chickens are equipped to feed more diverse and structurally 
complex diets for microorganisms that can degrade structured floating 
substances (37). In the present study, the relative abundance of 
Bacteroidetes increased, whereas that of Firmicutes decreased with the 
addition of 2% PTP. Studies have shown that the ratio of Firmicutes/
Bacteroidetes was associated with lipid metabolism (38). In the present 
study, the ratio of Firmicutes/Bacteroidetes in the T1 and T2 groups 
tended to decrease in contrast to the CK group. Result, PPT affects the 
composition of gut microbes.

Pu-erh tea can reverse the low abundance and diversity of gut 
microbes associated with obesity (8, 15). This study showed that the 
cecal microbial alpha diversity index was reduced in the T2 group, 

FIGURE 4

Microbial composition analysis (phylum level). CK, 0% Pu-erh tea pomace diet; T1, 1.0% Pu-erh tea pomace diet; T2, 2.0% Pu-erh tea pomace diet.

FIGURE 5

Microbial composition (genus level). CK, 0% Pu-erh tea pomace diet; T1, 1.0% Pu-erh tea pomace diet; T2, 2.0% Pu-erh tea pomace diet.
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and similar results were obtained in the Venn diagram. A previous 
study showed that alpha diversity was reduced in the group fed 

Pu-erh tea extract compared to that in the intestine of mice fed 
conventional chow (15). It is reasonable that PTP can reduce the 
alpha diversity of the flora in the cecum, as evidenced by the 
reduction in the abundance of CHK001  in this study. CHK001 
belongs to the Lachnospiraceae family, indicating that most 
taxonomic species belong to an inferior group of bacteria (35). Based 
on partial least squares-discriminant analysis (PLS-DA), 
we observed significant segregation in gut bacterial communities 
among the groups, which directly indicated that a diet with 2% PTP 
shaped the structure of the cecal flora. Overall, feeding a diet with 
2% PTP effectively altered the anatomical structure of the flora.

We performed a correlation analysis of the marker microorganisms 
in the three groups because the effect of microorganisms on the host 
is not caused by a single group (35). The results showed that 
Bacteroides increased the abundance of Prevotellaceae_UCG-001 by 
decreasing the abundance of CHKCI001, which in turn regulated the 
abundance of Eubacterium_coprostanoligenes_group that other 
related microorganisms may act as hubs. Another correlation result 
showed that blood TG levels were negatively correlated with 
Prevotellaceae_UCG-001 and TG, and LDL-C was positively 
correlated with CHKCI001, suggesting that altered microbial 
abundance may be the main reason for the decrease in blood lipid 
metabolism indicators (15). TG, TC, and LDL-C data showed that 
PTP affected lipid metabolism in chickens and was associated with 
Bacteroidetes. PTP could decrease the cholesterol levels in the blood 
by improving the composition of gut microbiota.

FIGURE 6

Indicator species correlation network diagram. (1) The red solid line represents the positive correlation of connected species, the black dashed line 
represents the negative correlation of connected species, and the thicker the line segment represents the stronger correlation; (2) The larger the node 
indicates stronger connectivity, and the darker the color indicates higher abundance.

FIGURE 7

Microbial composition of cecum (genus). ‘*’ represents a significant 
difference, and ‘ns’ represents no significant difference. CK, 0% Pu-
erh tea pomace diet; T1, 1.0% Pu-erh tea pomace diet; T2, 2.0% Pu-
erh tea pomace diet.
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FIGURE 8

CK, T1, and T2 LEfSe analysis chart. CK, 0% Pu-erh tea pomace diet; T1, 1.0% Pu-erh tea pomace diet; T2, 2.0% Pu-erh tea pomace diet.

FIGURE 9

Differential metabolic pathway prediction map. CK, 0% Pu-erh tea pomace diet; T1, 1.0% Pu-erh tea pomace diet; T2, 2.0% Pu-erh tea pomace diet.
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In conclusion, PTP could decrease the cholesterol levels in the 
blood by improving the composition of gut microbiota, which 
provides a reference for the application of PTP in the poultry industry. 
We would focus on further studies on the molecular mechanism by 
which PTP regulates lipid metabolism through microbial influence.
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White-feather broiler chickens are the dominant species in global poultry meat 
production. Yet there is growing concern about their health, quality, and growth 
efficiency. While feed additives, often antibiotics or synthetic chemicals, are 
used to maintain the health of the animals, drug resistance limits their use. Litsea 
cubeba (Lour.) Pers., a traditional Chinese herb with antibiotic-like benefits but 
without the risk of drug resistance, has not yet been explored as an additive to 
broiler diets. In the present study, broilers of the AA+ hybrid strain were randomly 
divided into three groups of 16: a control group (regular feed), a low-dose group 
(1.25  g/kg added L. cubeba extract), and a high-dose group (2.50  g/kg added 
L. cubeba extract). After 35  days, we  found that the extract had no effect on 
growth. However, gut flora analysis revealed that both doses of the extract had a 
positive influence on amino acid content and minor unsaturated fatty acids, thus 
improving the flavor and nutritional value of the meat. These findings suggest 
that L. cubeba extract, at either dose, could serve as a sustainable alternative 
to antibiotics, thus reducing the risk of drug resistance while improving meat 
quality, nutrition, and flavor.

KEYWORDS

Litsea cubeba (Lour.) Pers., meat quality, gut microflora, white-feather broiler, natural 
feed additive

1 Introduction

White-feather broiler chickens have become the dominant species in global poultry meat 
production because of their fast growth rates, high feed-to-meat conversion ratios, and short 
growth times (1). Globally, China ranks second in poultry production and consumption (2, 
3); therefore, with an increasing public focus on better living standards and health awareness, 
meat quality has become a key concern for producers and consumers (4). Because most 
characteristics of meat quality are influenced by various genes, environmental factors, and 
their interactions, improving meat quality through short-term genetic breeding is a difficult 
task (5). However, the use of specific feed additives can considerably improve meat quality in 
a short period.
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Enhancing broiler chicken growth and development can 
be achieved through judicious use of antibiotics (6). However, the 
extended withdrawal period, which can exceed 10 days for commonly 
used quinolone antibiotics, frequently results in the persistence of 
antibiotic residues, the emergence of antibiotic resistance, disturbances 
in the gut microbiota of processed broilers, and environmental 
antibiotic pollution (7–9). Therefore, to improve livestock and poultry 
feed sustainably and naturally, it may be  advantageous to use 
medicinal plants containing active phytochemicals with no antibiotic 
residues or pollutants (10). Chinese herbal medicine has been used for 
centuries to prevent and treat illnesses and enhance animal growth 
while avoiding the potential antibiotic resistance risk resulting from 
drug overuse (11, 12). For example, an investigation into the effects of 
Astragalus membranaceus root powder on growth performance, 
carcass characteristics, and antioxidant enzymes and metabolites in 
the blood and liver of white-feather broilers showed that adding 
10,000 mg/kg of root powder to the feed significantly improved daily 
weight gain and feed conversion efficiency (13). Similarly, Liu et al. 
(14) demonstrated that the addition of 1,000 mg/kg of betaine to feed 
effectively alleviated the adverse effects of heat and transportation 
stress on weight gain, feed intake, and muscle quality of white-feather 
broilers. Therefore, herbal additives are promising green alternatives 
to antibiotics and synthetic chemicals in foods used to maintain the 
health status of poultry, preserve the normal functioning of the 
gastrointestinal tract, optimize poultry production performance, 
improve meat quality and flavor, and improve economic benefits (15, 
16). Consequently, in-depth explorations of the potential applications 
of herbal products and their extracts as feed additives can contribute 
to the sustainable development of the broiler industry.

Litsea cubeba (Lour.) Pers. is an evergreen tree or shrub native to 
southern China and Southeast Asia with a long history of use in 
traditional Chinese medicine (17, 18). The fruits or extract of L. cubeba 
have multiple applications in pharmaceutics, medicine, and food 
production, such as in spice formulations to enhance flavor and as a 
precursor for vitamin A synthesis (19, 20). The main bioactive 
phytochemicals in L. cubeba are secondary metabolites, including 
phenolic compounds, flavones, isoflavonoids, and flavonoids, with 
antioxidant, anti-inflammatory, and antitumor effects (21). The main 
pharmacological effects of the plant include relief from epigastric 
discomfort, reduced vomiting and hiccups, and enhanced immune 
function (19). For example, Goldar et al. (22) found that the fruit of 
L. cubeba significantly alleviated diabetic complications in mice. 
However, to the best of our knowledge, L. cubeba has not been tested 
as an additive to improve broiler health and meat quality. Therefore, 
the objective of this study was to investigate the effects of L. cubeba 
fruit extract on the growth performance of white-feather broiler 
chickens and the quality and flavor of their breast muscle. In addition, 
we sought to further elucidate the potential underlying mechanisms 
by analyzing associations with the cecum microbiota.

2 Materials and methods

2.1 Preparation of Litsea cubeba fruit 
extract

The fruits of L. cubeba were purchased from the “Yunnan Plateau 
Fruit and Vegetable Direct Delivery” online store in Taobao, China. 
Subsequently, the samples were subjected to professional 

authentication by Professor Chongye Fang of the College of Food 
Science and Technology, Yunnan Agricultural University.

To prepare the extract, 1.5 kg of L. cubeba fruit was pulverized 
using an electric food processor (model YB-4500A, Yongkang Sufeng 
Trading Co., Ltd., China) until a granule size that could pass through 
a 60-mesh wire sieve was achieved. The samples were then extracted 
with purified water in a sample-to-solvent ratio of 1:10 for 30 min at 
90°C. The resulting liquid was filtered through a 100-mesh wire sieve, 
followed by subsequent filtrations through 200-mesh and 600-mesh 
nylon screens to obtain the final liquid extract. The solid residue was 
then extracted twice using the same sample-to-solvent ratio as in the 
previous extraction. The pooled filtrate derived from three consecutive 
extractions was spray-dried (HF-5L spray dryer, Shanghai Hefan Co., 
Ltd.), with the air inlet temperature adjusted to 170°C, peristaltic 
pump calibrated to 36 rpm, sprayer frequency set at 280 Hz, and a 
resultant air outlet temperature of 70.2°C. This procedure yielded 
90.56 g of powdered extract. This process was repeated three times to 
obtain the amount of powdered aqueous extract of L. cubeba fruit 
required for a comprehensive experiment. The L. cubeba fruit 
extraction process is schematically illustrated in Figure 1.

2.2 Experimental procedures involving 
animals

Forty-eight healthy, white-feathered broiler chickens of the AA+ 
hybrid strain, each with an average initial body weight of 37 g, were 
obtained at approximately 3 days of age from Hunan Shuncheng 
Industrial Co., Ltd. in China. These chickens were individually housed 
in two separate cages, ensuring controlled and consistent rearing 
conditions. The chickens were randomly divided into three groups of 
16 each: a control group (CON), a low-dose group (L), and a high-
dose group (H). All chickens were reared in stainless-steel cages 
equipped with feed and water troughs, maintaining a stocking density 
not exceeding 30 kg/m2. The nutritional content of the basal diet was 
formulated to vary with the different growth stages. For the early stage, 
crude protein and metabolizable energy were 21.04% and 
12.33 MJ kg−1, respectively, while for the late stage, crude protein and 
metabolizable energy were 18.97% and 12.76 MJ kg−1, respectively. 
Considering the longer transportation time for the chicks, a 4-day 
adaptation period was provided to all the chickens, during which they 
consumed a base diet. The experiment was then started when the 
chickens reached 7 days of age. The control group received only the 
base diet and had free access to drinking water. The low- and high-
dose groups received feed supplemented with 1.25 g/kg and 2.5 g/kg 
of L. cubeba fruit extract, respectively. The experiment lasted for 
35 days and was divided into an early stage (days 7–21) and a late stage 
(days 22–42). The basic formulation of the feed followed the “Feeding 
Standards of Chicken” guidelines (NY/T33-2004, China) and met the 
NRC1994 amino acid requirements for broiler chickens. The specific 
composition and nutritional levels of the base diet are presented in 
Table 1.

The experiment was conducted at an experimental chicken farm 
at the College of Animal Science and Technology, Yunnan Agricultural 
University. One week before the experiment, the chicken houses were 
disinfected and cleaned. The experimental chicken house was semi-
enclosed, and the temperature, humidity, and ventilation were 
manually controlled. The initial temperature was set at 32°C and 
gradually decreased by 2–3°C per week until it reached 
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20°C. Throughout the experiment, the chicken houses were 
illuminated 24 h per day. The chickens were fed via plastic feeders and 
provided drinking water in plastic buckets once daily, and their daily 
feed and water intake were recorded. The body weights of the chickens 
were measured weekly. At 7 days of age, the chickens were vaccinated 
against Newcastle disease via eye drops, and at 12 days of age, they 
were vaccinated against infectious bursal disease via water 
administration. In addition, strict adherence to routine management 
procedures was ensured to maintain good hygiene in the 
chicken houses.

2.3 Growth performance indices and 
collection of meat samples

Growth performance indices and meat samples were processed 
according to the procedures described by Li et al. (23).

2.3.1 Growth performance indicators
The plastic feeding trays and water buckets were weighed every 

morning. Broiler body weights (numbered 001–048) were measured 
every 7 days. Using these data, we calculated the average daily gain 
[ADG; Eq. (1)] for each group of chickens. We also recorded the daily 
feed intake and the amount of leftover feed to calculate the average 
daily feed intake [ADFI; Eq. (2)] and the feed-to-gain ratio [F/G; 
Eq. (3)] for each broiler group. All pertinent indices are expressed in 
grams or days, as appropriate.

 
ADG

Final weight Initial weight

Number of experimental da
=

−( )
yys  

(1)

 
ADFI

Total feed intake

Number of experimental days
=

 
(2)

 
F G

ADFI

ADG
/ =

 
(3)

2.3.2 Collection of poultry meat samples from 
white-feather broilers

At 42 days of age, the white-feather broilers were weighed in the 
morning. The feed was withdrawn at 2 A.M., followed by a 12 h fasting 
period with water access. Five broilers were randomly selected from 
each group. The birds were euthanized through exsanguination using 
a conventional neck cut. The pectoralis major muscle, or breast muscle, 
was harvested. The breast muscles were later divided into left and right 
sections. The right section was immediately placed in a moisture-
resistant, self-sealing preservation bag and stored in a 4°C refrigerator 
for subsequent analyses of crude protein and fat content. Concurrently, 
tissue samples (weighing approximately 2 g) from the same region of 
the left breast muscle were collected and stored in cryovials. These 
were flash frozen in liquid nitrogen for 15 min and then transferred to 

FIGURE 1

Litsea cubeba fruit extraction process. The L. cubeba fruit was coarsely crushed and extracted using purified water in a sample-to-solvent ratio of 1:10. 
The extraction was conducted on an electromagnetic stove at a constant temperature of 90°C. The solution was then filtered three times through 
steel wire mesh and nylon cloth, and the combined filtrates were concentrated to one-fifth of their original volume to obtain a condensed extract of L. 
cubeba fruit. Subsequently, this concentrated solution was subjected to spray drying, with a product recovery rate of 6.04%. The image was created on 
BioRender.com.
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a −80°C freezer for later analysis of standard amino acids and fatty 
acids within the muscle tissue.

2.4 Meat quality evaluation

2.4.1 Measurement of slaughter performance
On day 42 of the experiment, the broilers were fasted for 12 h 

before slaughter (with water provided ad libitum), and their 
pre-slaughter live weights were recorded. From each treatment group, 
five white-feather broilers were randomly selected, and their 
identification numbers were recorded before slaughter. The slaughter 
performance was evaluated using the dressing, semi-eviscerated, and 
eviscerated percentages according to the Chinese National Standard 
NY-T 823-2020 (“Terminology and Measurement Methods for 
Poultry Production Performance”). Specifically:

 (1) The dressing percentage represents the ratio of the post-
slaughter weight of the broilers after the removal of blood, 

feathers, and corneal layers of the feet, toe shells, and beak 
shells to their pre-slaughter weight when they were alive.

 (2) The semi-eviscerated percentage represents the percentage of 
the broiler’s weight remaining after further removal of the 
trachea, esophagus, intestines, cysts, spleen, bile duct, pancreas, 
reproductive organs, stomach contents, and horny membrane 
relative to its weight prior to being slaughtered.

 (3) The eviscerated percentage represents the percentage of the 
broiler’s weight after further removal of the heart, liver, 
stomach, lungs, abdominal fat, head, and feet relative to its 
weight prior to slaughtering.

Eqs. (4)–(6) were used to calculate these ratios.

 
Dressing percentage

Dressing weight g

Live weight before s
=

( )
llaughter g( )

×100%

 
(4)

 

( )

( )

Semi-eviscerated
weight g

Demi-eviscerated percentage 100%
Live weight before
slaughter g

= ×

 
(5)
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Eviscerated weight g

Live weight before
=

( )

sslaughter g( )

×100%
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2.4.2 Measurement of meat pH
The right breast muscles of the broiler chickens were dissected 

using a scalpel and their pH was measured using a portable pH 
meter (Waterproof Portable pH Meter with 0.01 pH Resolution; 
model: HI9124; Hanna Instruments, Inc., China) pre-calibrated 
with three pH standard solutions of pH 4.01, 6.86, and 7.01. The pH 
meter was inserted into three locations within the right breast 
muscles, and measurements were taken at 45 min and 24 h post-
mortem. The data were recorded once stable readings were 
displayed, and the average of three readings was calculated for each 
time point.

2.4.3 Quantitative assessment of color attributes 
in meat products

The right breast muscles were carefully dissected with a scalpel 
and placed on a flat, white plastic tray. A colorimeter (Chroma Meters 
Measuring Head, model CR-410 Head; Konica Minolta Sensing 
Americas Inc., Japan) was pre-calibrated using white and black 
backgrounds. Three measurements were taken along the midline of 
the pectoral muscle, from the thickest to the thinnest sections, to 
determine luminance (L*), redness (a*), and yellowness (b*). The 
mean values of three measurements were calculated.

2.4.4 Measurement of meat tenderness and 
cooking loss in meat products

A scalpel was used to remove a 5 cm-long muscle sample with 
a cross-sectional area of 1 cm2 from the breast muscles. The 

TABLE 1 Composition and nutritional profile of base diet.

Ingredients Early growth 
stage (days 

7–21), %

Late growth 
stage (days 
22–42), %

Corn 58.50 60.10

Limestone 1.60 1.35

Soybean oil 3.04 4.50

Soybean meal 28.00 30.00

Fermented soybean meal 5.00 —

Sodium chloride 0.22 0.26

Threonine 0.10 0.09

Lysine — 0.10

Methionine 0.14 0.15

Calcium monohydrogen 

phosphate
1.40 1.45

Premixa 2.00 2.00

Total 100 100

Nutrients

Metabolizable energyb/

MJ kg−1
12.33 12.76

Crude protein 21.04 18.97

Crude fat 5.60 7.06

Calcium 1.00 0.90

Methionine 0.43 0.40

Lysine 1.08 1.01

Total phosphate 0.65 0.60

aThe premix contained the following components per kg: retinol (9,500 IU), cholecalciferol 
(500 IU), α-tocopherol (20 IU), phylloquinone (1.2 mg), thiamine (2.2 mg), riboflavin 
(5.0 mg), pyridoxine (2.0 mg), nicotinamide (30 mg), calcium pantothenate (12.0 mg), folate 
(0.8 mg), d-biotin (0.18 mg), iodine (elemental, 0.35 mg), selenium (elemental, 0.30 mg), 
manganese (elemental, 100 mg), iron (elemental, 80 mg), copper (elemental, 8 mg), and zinc 
(elemental, 75 mg). The premix contained no antibiotics or chemically synthesized 
antibacterial agents. The values presented are measured quantities in percentages.
bThe values for metabolizable energy were computed, while the levels of other nutrients were 
determined through measurement.
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pre-cooking weight of each sample (g) was recorded. The muscle 
sample was then placed in a sealed bag in a water bath and heated 
to 80°C for 15 min. After cooling to 25°C–30°C, the sample was 
removed from the bag, excess surface moisture was removed 
with absorbent paper, and the weight after cooking was recorded. 
The cooking loss of the breast muscles was calculated using 
Eq. (7).

 
( )

( )
( )
( )

Pre-cooking weight g
Post-cooking weight g

Cooking loss % 100%
Pre-cooking weight g

 
 − = ×

 
(7)

The cooked muscle samples were then subjected to shear force 
measurements using a digital meat tenderness meter (C-LM3, 
Northeast Agricultural University, China). The average of three shear 
force measurements was calculated.

2.4.5 Measurement of water retention capacity in 
meat products

The chicken breast was weighed after being refrigerated at 4°C for 
6 h. A 3 cm × 2 cm × 1 cm section of the breast muscle was excised 
using a scalpel, after which the pre-storage weight of the sample was 
obtained. The meat sample was then suspended in the 4°C refrigerator 
using a paper clip and, wrapped in cling film to prevent direct contact. 
After 24 h, the samples were weighed to determine their post-storage 
weights. The drip loss over the 24 h period was calculated using 
Eq. (8):

 
( )

( )
( )
( )

Pre-storage weight g
Post-storage weight g

Driploss % 100%
Pre-storage weight g
−

= ×
 

(8)

2.4.6 Determination of crude protein and crude 
fat contents in meat products

The chicken breast was dissected with a scalpel and subsequently 
submitted to the Yunnan Province Product Quality Supervision and 
Inspection Research Institute for crude protein analysis, where the 
Kjeldahl nitrogen determination method was used, as specified in the 
Chinese National Standard for Food Safety GB5009.5-2016 
(“Determination of Protein in Food”). Crude fat was quantified using 
the Soxhlet extraction method following the Chinese National 
Standard for Food Safety GB5009.6-2016 (“Determination of Fat 
in Food”).

2.4.7 Determination of ash content and moisture 
content in meat products

The ash content of the broiler meat was determined according 
to the Chinese National Standard for Food Safety GB 5009.4-2010 
(“Determination of Ash Content in Foods”), specifically for legumes 
and their higher phosphorus content, meat and poultry, egg, 
aquatic, and dairy products. Moisture content was measured using 
the direct drying method described in the Chinese National 
Standard for Food Safety GB 5009.3-2010 (“Determination of 
Moisture in Foods”).

2.4.8 Determination of amino acid and fatty acid 
content in meat products

After the white-feather broilers were euthanized, bled, plucked, 
and eviscerated, a small piece of tissue (approximately 2 g) was 
removed from the right pectoral muscle using a scalpel. The tissue 
was then carefully placed in a 2 mL cryogenic vial and labeled with 
the sample number. To ensure consistency, we  attempted to 
maintain similar weights within each group as much as possible, 
despite variations in individual chicken weights. The samples were 
rapidly frozen in liquid nitrogen for 15 min and transported on dry 
ice to Sichuan PANOMIX Biotech Co., Ltd. (Chengdu, China). The 
muscle tissues were analyzed quantitatively and qualitatively for 
fatty acid composition using gas chromatography–mass 
spectrometry (24, 25), and amino acid content was analyzed using 
ultrahigh-performance liquid chromatography-mass spectrometry 
(26, 27).

2.5 Gut microbiome analysis of 16S gene

Extraction of cecum contents was performed as described previously 
(28). The VAHTSTM DNA Clean Beads Kit (Nanjing Vazyme Biotech 
Co., Ltd., Nanjing, China) was used to extract total DNA from the cecal 
contents of the broilers according to the manufacturer’s instructions. The 
V3–V4 variable regions of the 16S rRNA gene in the microbial 
community were then amplified from the DNA through PCR using a 
forward (5′-ACTCCTACGGGAGGCAGCA-3′) and reverse 
(5′-GGACTACHVGGGTWTCTAAT-3′) primer. The products were 
quantified fluorometrically using a Quant-iT PicoGreen dsDNA Assay 
Kit and a microplate reader (BioTek, FLx800). Based on the fluorometric 
quantification results, the samples were pooled in their respective 
proportions to meet the sequencing requirements. Sequencing libraries 
were prepared using the TruSeq Nano DNA LT Library Prep Kit 
(Illumina, San Diego, CA, United States). Sequencing was performed on 
an Illumina platform (Sichuan PANOMIX Biotech Co., Ltd., Chengdu, 
China). The resulting 16S rRNA sequence data were submitted to the 
National Center for Biotechnology Information’s NCBI Sequence Read 
Archive database (Bethesda, MD, United States). The accession numbers 
range from SRA: SRR26286147 to SRR26286161.

2.6 Statistical analysis

Microsoft Office Excel 2021 and GraphPad Prism 10.0.3 were 
used to record, analyze, and visualize the data. Statistical analyses 
were conducted on the cloud-based SPSSAU platform (Statistical 
Product and Service Software Automatically; https://spssau.com/). 
The analyses included one-way analysis of variance (ANOVA) and 
Tukey’s post-hoc multiple comparison tests. The Kruskal–Wallis 
test was used to compare the alpha diversity of the gut microbiota 
between groups, followed by Dunn’s post-hoc test. Furthermore, to 
investigate the interrelation between diverse parameters and gut 
microbiota abundance at the genus level, and to eliminate the effects 
of unit variations at the numerical scale, we  used the Sum 
Normalization approach with the formula X/Sum(X) for 
dimensionless data handling. Subsequently, we  conducted 
correlation analyses using the PANOMIX cloud analysis platform, 
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available at https://www.biodeep.cn/. We used version 3.6.3 of the 
R software package to analyze and visualize the 16S gut microbiota 
dataset, excluding alpha diversity. Beta diversity was depicted using 
a principal coordinates analysis (PCoA) plot.

3 Results

3.1 Growth performance

In a preliminary exploration of the effects of L. cubeba fruit extract 
on the growth performance of white-feather broilers, no significant 
(p > 0.05) differences were observed in the final body weight, ADG, 
ADFI, or F/G among the three groups of broilers during the early 
(7–21 d) or late (22–42 d) phases of the experiment. These results 
indicate that the inclusion of L. cubeba extract in the diet of broilers 
had no significant impact on their growth performance (Table 2).

3.2 Slaughter performance

On day 42, five broilers in each group were randomly 
slaughtered. Compared to the control group, neither the low- nor 
high-dose groups significantly affected dressing, semi-evisceration, 
or evisceration percentages (p > 0.05) (Figure 2). The inclusion of 
L. cubeba extract in the daily diet of broilers had no impact on their 
slaughter performance.

3.3 Meat quality

In the evaluation of the physical parameters of chicken breast 
meat, the a* values of the chicken breasts showed no significant 
differences among the dose groups at 45 min (Figure 3A); however, 
there was a noticeable difference in the b* and L* values at this time 
point (p < 0.01), although clear trends were observed based on dose 
(Figures 3B,C). After 24 h of re-evaluation, differences were observed 
in a*, b* (Figures 3D,E), and L* values (Figure 3F) (p < 0.01), meaning 
that the meat color of the chicken breasts exhibited significant changes 
after 24 h. Multiple comparisons revealed a dose-dependent decrease 
in both a* and b* values at 24 h after slaughter.

In the comprehensive assessment of meat quality, there were no 
significant differences in measurements of multiple indicators, such as 
drip loss, shear force, cooking loss, moisture, ash content 
(Figures 4A–E), pH24, crude protein, and crude fat (Figures 4G–I), 
among the three groups of broilers. Measurement of pH1 (Figure 4F) 
revealed a decrease in pH level in the group administered high doses 
compared to that in the control group (p = 0.009), suggesting that 
supplementation with L. cubeba extract in the diet can influence the 
pH of the breast meat post slaughter.

3.4 Profile of amino acids

A targeted amino acid metabolomic analysis was conducted to 
further investigate the amino acid composition of the broiler breast 

TABLE 2 Effects of the L. cubeba extract on growth performance of white-feather broilers.

Items Treatments F p

CON (n =  16) L (n =  16) H (n =  16)

7–21 days (early stage)

Initial weight (g) 82.49 ± 2.25 85.02 ± 2.17 79.31 ± 3.27 1.202 0.310

Final weight (g) 430.70 ± 16.76 437.70 ± 15.13 417.20 ± 13.82 0.465 0.631

ADG (g) 16.58 ± 0.73 16.79 ± 0.68 16.09 ± 0.55 0.302 0.741

ADFI (g/day) 43.13 ± 3.43 43.30 ± 2.97 42.47 ± 3.06 0.019 0.980

F/G 2.68 ± 0.12 2.64 ± 0.10 2.69 ± 0.09 0.056 0.946

22–42 days (late stage)

Initial weight (g) 430.70 ± 16.76 437.70 ± 15.13 417.20 ± 13.82 0.465 0.631

Final weight (g) 1524.00 ± 88.46 1437.00 ± 52.31 1527.00 ± 50.73 0.795 0.460

ADG (g) 51.45 ± 3.55 47.92 ± 2.36 52.88 ± 1.73 1.269 0.295

ADFI (g/day) 116.60 ± 3.36 120.30 ± 2.80 126.70 ± 4.66 1.915 0.150

F/G 2.38 ± 0.24 2.61 ± 0.15 2.43 ± 0.08 0.624 0.542

7–42 days (full experiment duration)

Initial weight (g) 82.49 ± 2.25 85.02 ± 2.17 79.31 ± 3.27 1.202 0.310

Final weight (g) 1524.00 ± 88.46 1437.00 ± 52.31 1527.00 ± 50.73 0.795 0.460

ADG (g) 34.31 ± 2.08 32.20 ± 1.26 34.52 ± 1.14 0.921 0.409

ADFI (g/day) 100.70 ± 3.82 103.60 ± 3.62 108.40 ± 4.81 0.906 0.405

F/G 3.04 ± 0.26 3.28 ± 0.13 3.18 ± 0.10 0.547 0.584

Differences between means are not statistically significant (p > 0.05). Data are presented as mean ± standard error of the mean (SEM). CON, control group (no L. cubeba supplementation); L, 
low-dose group (1.25 g/kg of L. cubeba diet supplementation); H, high-dose group (2.5 g/kg of L. cubeba supplementation). ADG, average daily gain; ADFI, Average daily feed intake; feed-to-
gain ratio (F/G).
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muscle. As shown in the heatmap (Figure 5A), there were distinct 
differences in the relative content of various amino acids among the 
control, low-, and high-dose groups. Specifically, there was a greater 
amount of certain amino acids in the high-dose group than in the 
low-dose group, as detailed in Supplementary Table S3. The bar charts 
(Figures 5B–E) further delineate the absolute content differences of 
four amino acids (Hcy, Pro, Asn, and Orn) across different groups 
(p < 0.01). Hcy levels were significantly higher in the high-dose group 
than in the control (p = 0.04) or low-dose groups (p = 0.01). Pro levels 
were significantly lower in the high-dose group than in the control 
(p = 0.007) and low-dose groups (p = 0.002). Asn concentrations in the 
high-dose (p =  0.004) and low-dose groups (p < 0.001) were 
substantially lower than those in the control group. Orn levels 
decreased significantly in the high-dose group (p = 0.003) and even 
more so in the low-dose group (p < 0.001) when compared with those 
in the control group. These findings suggest that supplementation with 
L. cubeba extract markedly influences the amino acid composition of 
breast muscle in the diet of broiler chickens.

3.5 Profile of fatty acids

To examine the fatty acid composition of white-feather broiler 
breast muscle, a targeted metabolomic analysis was conducted, 
resulting in the identification of 49 fatty acids. For a detailed list of the 
identified fatty acids, refer to Supplementary Table S4. Notable 
differences in fatty acid levels between the high- and low-dose groups 
and the control group are displayed in the heatmap presented in 
Figure 6A. The bar chart illustrates the levels of five different fatty 
acids in chicken breast, varying according to dosage. As shown in 
Figures 6D–F, the meat contained three unsaturated C22 fatty acids: 
docosatetraenoate (C22:4), which had a significant presence 
(p =  0.001); its structural variant docosapentaenoate (C22:5n6; 
p <  0.001); and another form of docosapentaenoate (C22:5n3; 
p < 0.001). Furthermore, arachidonate (C20:4n6), an unsaturated C20 

fatty acid, exhibited the highest absolute increase compared to that in 
the control group (p < 0.001) (Figure 6C). Laurate (C12:0), a type of 
saturated fatty acid, exhibited the smallest absolute increase compared 
to that in the control group (p < 0.001) (Figure 6B). This suggests that 
L. cubeba extract has a significant impact on the levels of unsaturated 
fatty acids in chicken breasts, dependent on the amount of 
extract administered.

3.6 Intestinal microbiome analysis

Alpha diversity analysis based on 16S rRNA gene sequencing 
revealed that there were no significant differences in microfloral 
diversity among the three groups. The Goods Coverage index 
(Figure 7A), with mean values approaching one, indicated that the 
sequencing depth was sufficient to cover most of the microbial 
community. Species richness, estimated using the Chao1 index 
(Figure 7B), showed no significant difference across the groups, 
with values ranging from 1,000 to 3,000. The Shannon index 
(Figure 7C), which reflects species richness and evenness, varied 
between 7.0 and 7.8, but there were no significant differences 
among the groups. These three indices indicated no significant 
differences in the microbial alpha diversity among the three groups, 
but there may have been subtle variations in community structure 
and species abundance.

Analysis of family level 16S rRNA gene sequencing revealed 
significant differences in the microbial community structures among 
the control, low-dose, and high-dose groups. As shown in Figure 8, 
certain microbes at the family level (Figure  8A), such as 
Muribaculaceae and Lachnospiraceae, showed varying relative 
abundances among the dosage groups. At the genus level (Figure 8B), 
microbial genera, such as Lachnoclostridium and Coprobacter, also 
exhibited differences in their relative abundances across the three 
treatments. These findings suggest that L. cubeba extract may influence 
the composition and structure of gut microbial communities.

FIGURE 2

Effects of L. cubeba fruit extract on white-feather broiler slaughter performance metrics: (A) dressing percentage, (B) semi-eviscerated percentage, 
and (C) eviscerated percentage. CON, control group (no L. cubeba supplementation); L, low-dose group (1.25  g/kg of L. cubeba diet supplementation); 
H, high-dose group (2.5  g/kg of L. cubeba supplementation). ns, not significant (p  >  0.05).
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Beta diversity analysis based on 16S rRNA gene sequencing, as 
shown in the PCoA plot, revealed a significant separation between the 
three dose treatment groups, with axes 1 and 2 accounting for 13.9% 
and 11% of the variance, respectively (Figure 9A). The PCoA plot 
shows a significant separation between the three dose treatment 
groups, with axes 1 and 2 accounting for 13.9 and 11% of the variance, 
respectively. A Venn diagram (Figure 9B) shows the number of unique 
and shared operational taxonomic units (OTUs) between the groups. 
Specifically, the groups were divided into a control, high-dose, and 
low-dose group, which contained 1861 (21.57%), 2,900 (33.62%), and 
2,382 (27.61%) unique OTUs, respectively. Furthermore, 579 OTUs 
(6.71%) were shared among the three treatments. Linear discriminant 
analysis (LDA; Figure 9C) revealed significant differences in microbial 
taxa between treatments. Among these, differential taxa were more 
abundant in the control group. The top two genera based on LDA 
scores were Parabacteroides (LDA score = 3.72) and GCA_900066575 
(LDA score = 3.66) in the control group, Ruminococcus__torques_group 
(LDA score = 4.26) and Peptococcus (LDA score = 3.71) in the low-dose 
group, and Coprobacter (LDA score = 3.85) and Tyzzerella (LDA 
score = 3.74) in the high-dose group.

The number of functional units (KOs) was large, and PCoA was used 
to clarify the functional differences of the samples in reduced dimensions. 
Figure 10A reveals that the first two coordinates explained 70.5% of the 
overall variation. Coordinate 1 contributed 55.2%, whereas coordinate 2 
contributed 15.3%. The analysis revealed that the line plots of the 16S gut 
bacterial composition of the broilers in the three dose groups overlapped, 
indicating limited discrimination of the three groups by the two 
coordinates. Figure  10B shows the potential metabolic pathways 
associated with microbial communities by statistically enriching the 
abundance of secondary functional pathways from the MetaCyc database. 
These pathways are involved in the biosynthesis of amino acids (relative 
abundance = 22,458) and fatty acids and lipids (relative 
abundance = 11,324.9). Figures 10C,D highlight the primary functional 
differences based on Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment (p < 0.05) among the three groups. The low-dose group 
primarily involved the limonene and pinene degradation metabolic 
pathways, whereas the high-dose group primarily involved the 
caprolactam degradation metabolic pathway.

The correlation analysis revealed that, at the genus level, there 
was a positive correlation between Alistipes (r = 0.235, p = 0.033), 

FIGURE 3

Effects of L. cubeba fruit extract on coloration of white-feather broiler breast meat. (A–C) Differences in the (A) a* value, (B) b* value, (C) and L* value 
at 45  min after slaughter. (D–F) Differences in the (D) a* value, (E) b* value, and (F) L* value 24  h after slaughter. ns, not significant (p  >  0.05), *p  <  0.05, 
**p  <  0.01, and ***p  <  0.001. a*, redness; b*, yellowness; L*, luminance.
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Desulfovibrio (r = 0.320, p = 0.014), Faecalibacterium (r = 0.232, 
p = 0.036), Colidextribacter (r = 0.354, p = 0.013), and laurate (C12:0; 
Figures 11A,B). Laurate (C12:0) was correlated with arachidonate 
(C20:4n6; r = 0.849, p < 0.001) and docosatetraenoate (C22:4; 
r = 0.862, p < 0.001) (Figure 11A). Alistipes (r = 0.232, p = 0.036) and 
Phascolarctobacterium (r = 0.303, p = 0.034) were positively 

correlated with Asn levels (Figures 11A,B). These results suggest 
that L. cubeba extract in the broilers’ diets modulate the gut 
microbiota at the genus level, particularly Alistipes, Desulfovibrio, 
Faecalibacterium, and Colidextribacter, which indirectly affect 
docosatetraenoate (C22:4) and arachidonate (C20:4n6) levels via 
laurate (C12:0).

FIGURE 4

Effects of supplementation with L. cubeba fruit extract on broiler chicken breast meat. (A) Drip loss. (B) Shear force. (C) Cooking loss. (D) Moisture. 
(E) Ash content. (F) pH value at 45  min post-mortem. (G) pH value at 24  h post-mortem. (H) Crude protein content. (I) Crude fat content. ns, not 
significant (p  >  0.05); *p  <  0.05.
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4 Discussion

In 2022, China was one of the top five global destinations for 
broiler chicken exports, particularly the white-feather broiler 
because of its rapid growth rate, efficient feed conversion ratio, and 
high muscle protein content, garnering considerable favor in the 
international market (2, 29). In the post-antibiotic era, feed additives 
have become increasingly important for improving animal 

productivity, maintaining animal health, lowering feed costs, and 
improving the quality of livestock products (30).

This study aimed to explore the potential value of L. cubeba 
extract as a feed additive in the rearing of broilers. By incorporating 
various doses of L. cubeba extract into the basic broiler diet, this study 
systematically assessed the impact of this additive on the growth and 
slaughter performance of white-feather broilers. Furthermore, this 
research delved into the potential effects of L. cubeba extract on the 

FIGURE 5

Effects of L. cubeba fruit extract on amino acid levels in white-feather broiler breast meat. (A) Heatmap comparing the amino acid levels in the low-
dose (L; 1.25  g/kg of L. cubeba), high-dose (H; 2.5  g/kg of L. cubeba), and control (CON) groups. (B–E) Relative contents of (B) Hcy, (C) Pro, (D) Asn, 
and (E) Orn. ns, not significant (p  >  0.05); *p  <  0.05, **p  <  0.01, and ***p  <  0.001. The amino acid abbreviations in the image correspond to these full 
names: Hcy (Homocysteine), GABA (Gamma-aminobutyric acid), Pro (Proline), Gln (Glutamine), Asn (Asparagine), Orn (Ornithine), Asp (Aspartic acid), 
Ala (Alanine), Ser (Serine), Glu (Glutamic acid), Tyr (Tyrosine), Phe (Phenylalanine), Val (Valine), Ile (Isoleucine), Leu (Leucine), Met (Methionine), Lys 
(Lysine), Arg (Arginine), Thr (Threonine), Trp (Tryptophan), Gly (Glycine), and His (Histidine).
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sensory and nutritional quality of the broiler’s breast meat. To 
comprehensively evaluate the efficacy of this additive, we discuss its 
effects from three dimensions: growth performance, slaughter 
performance, and meat quality. Through this multi-faceted evaluation, 
the study aimed to provide a scientific basis for using L. cubeba extract 
in livestock farming.

In the experiment, either 1.25 or 2.50 g/kg of L. cubeba fruit 
extract was added to broiler diet. The results indicated that at these 
two dose levels, L. cubeba fruit extract did not significantly impact 

the growth performance of broilers. Notably, in similar studies 
where quercetin was added to the diet, although its effect on 
enhancing the growth performance of broilers was not significant, 
it was observed to positively influence the maintenance of the 
intestinal microecological balance, and it also reduced mortality 
(31). These findings suggest that while such additives might 
be beneficial for poultry growth under certain conditions, their role 
in enhancing the growth performance of broilers appears to 
be limited. It is worth mentioning that this study involved multiple 

FIGURE 6

Effects of L. cubeba fruit extract on fatty acid levels in broiler chicken breast meat. (A) Heatmap comparing the fatty acid profiles of the low-dose (L; 
1.25  g/kg L. cubeba), high-dose (H; 2.5  g/kg L. cubeba), and control (CON) groups. (B–F) Relative contents of (B) laurate (C12:0), (C) arachidonate 
(C20:4n6), (D) docosatetraenoate (C22:4), (E) docosapentaenoate (C22:5n6), and (F) docosapentaenoate (C22:5n3). ns, not significant (p  >  0.05); 
**p  <  0.01 and ***p  <  0.001.
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key indicators to evaluate the growth performance of broilers, 
including body weight, ADFI, ADG, and F/G. These indicators are 
commonly used to comprehensively assess the growth performance 
of broilers and are important for understanding and improving the 
efficiency of broiler production (32). The statistically insignificant 
differences observed in this study may stem from certain limitations 
in the experimental design, particularly the small sample size and 
relatively large standard error within the experimental groups. This 
underscores the importance of appropriately increasing sample 
sizes in future research to ensure sufficient statistical power.

In evaluating the slaughter performance of broilers, this study 
primarily focused on three key indicators: dressing percentage, 
semi-eviscerated percentage, and eviscerated percentage. It is 
noteworthy that these indicators did not exhibit significant 
differences among the experimental groups. Additionally, as these 
indicators were calculated using body weight as the denominator, 
they effectively minimized the impact of weight factors on the 
assessment of slaughter performance. It is important to note that in 
dietary supplementation experiments on broilers, capsaicin has 
induced minor, but significant, differences in growth performance 
compared to quercetin; however, no significant enhancement effect 
of capsaicin on slaughter performance has been observed (23). The 
findings of the present study suggest that under the specific 
conditions of this experiment, the observed parameters were 
influenced by certain unforeseen factors, such as breed advantages 
of the broilers and variables in the rearing environment. Moreover, 
this outcome indicates that the limited nature of the dosing method 
or sample size used in the experimental design may have led to a 
lack of sufficient differences in these indicators. Therefore, further 
research needs to consider these potential variables and may require 
a broader sample size and different dosing methods, such as water 
medication, to ensure the accuracy and reliability of the results.

FIGURE 7

Alpha diversity indices of the cecum flora. (A) Goods coverage, (B) Chao1, and (C) Shannon diversity indices. CON, control group (no L. cubeba 
supplementation); L, low-dose group (1.25  g/kg of L. cubeba supplementation); H, high-dose group (2.5  g/kg of L. cubeba supplementation). ns, not 
significant (p  >  0.05).

FIGURE 8

Composition of gut bacterial species at the family (A) and genus 
(B) levels in the control (CON), low-dose (1.25  g/kg of L. cubeba), 
and high-dose (H; 2.5  g/kg of L. cubeba) groups.
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In this article, we  focused on the meat quality of broilers, 
particularly addressing two aspects: sensory quality and nutritional 
value. This study revealed that adding L. cubeba fruit extract to the 
basic diet of broilers significantly enhanced the coloration of chicken 
breast meat, especially in reducing its L* value (lightness). This change 
is closely linked to the overall improvement in the sensory meat 
quality of broiler breast meat (33).

Our research showed a significant difference in pH values at 45 min 
for chicken breast samples from the high-dose extract group compared 
with those of the control group. However, no significant difference was 
observed for the 24 h pH measurement. In terms of nutritional value, the 
study found no significant difference in the content of crude protein and 
crude fat. To further investigate the nutritional value of chicken breast, 
GC-MS and UPLC-MS were used to measure fatty acids and amino acids, 

respectively. The results showed that adding L. cubeba fruit extract 
increased the content of homocysteine in chicken breast muscles. The 
interaction of cysteine and ribose in chicken breast through the Maillard 
reaction, commonly used to study the mechanism of generating meat 
flavor (34), is especially pertinent under environmental or high 
temperatures (35). The chemical reactions occurring in fried breast meat 
are key factors in forming its unique aroma and flavor characteristics, 
leading to the generation of specific flavor substances (36). In terms of 
fatty acids, a dose-dependent increase in the content of unsaturated fatty 
acids C22 and C20 was noted. After adding L. cubeba fruit extract to the 
basic diet, the contents of arachidonic acid (C20:4n6), docosapentaenoic 
acid isomers (C22:5n6 and C22:5n3), and docosatetraenoic acid (C22:4) 
significantly increased. Arachidonic acid (C20:4n6) has been shown to 
play a crucial role in avian nutrition by affecting prostaglandin production, 

FIGURE 9

Beta diversity indices of gut bacterial species among groups. (A) Two-dimensional ordination plot of samples using Jaccard-based principal 
components analysis (PCoA) with Ellipse for the control (CON), low-dose (L; 1.25  g/kg of L. cubeba), and high-dose (H; 2.5  g/kg of L. cubeba) groups. 
(B) Venn diagram representation of amplicon sequence variants/operational taxonomic units in the samples from each group. (C) Bar chart of linear 
discriminant analysis (LDA) effect values for indicator species.
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inflammatory responses, blood coagulation, and immune functions (37). 
Takahashi (38) confirmed that supplementing diets with arachidonic acid 
and considering polymorphisms of FADS1 and FADS2 as genetic 
selection markers can effectively regulate arachidonic acid content in 
chicken meat, thus improving the texture and flavor of the meat. 
Meanwhile, the oxidation of fatty acids in chicken breast muscle 
simultaneously provides specific flavor characteristics and, during the 
heating process, combines with amino acids in proteins and other 
components to become precursors to flavor substances (34).

As white-feathered broilers are not model organisms, and 
because they exhibit a hybrid lineage with considerable genetic 
variability, exploring the molecular biological mechanisms at the 
transcriptional level poses challenges. However, genetic analysis 
of the gut microbiota at the genus level (16S rRNA) in this study 
revealed that the intake of L. cubeba by broilers positively 
modulated specific gut microorganisms, including members of 
the genera Alistipes, Desulfovibrio, Faecalibacterium, and 
Colidextribacter. This modulation occurred indirectly through 

FIGURE 10

Differences in the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways among groups. (A) Bray–Curtis-based PCoA for functional 
units with hulls. (B) Predicted abundance profiles of the MetaCyc secondary functional pathways. (C) Differential analysis of KEGG metabolic pathways 
between the control (CON) and low-dose (L; 1.25  g/kg L. cubeba) groups. (D) Differential analysis of KEGG metabolic pathways between the CON and 
high-dose (H; 2.5  g/kg L. cubeba) groups.
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the concentration of laurate (C12:0), which positively affected the 
concentrations of docosatetraenoate (C22:4) and arachidonate 
(C20:4n6). However, due to the lack of research on beneficial 
poultry gut microbes, future studies should explore whether the 
relative abundances of Alistipes, Desulfovibrio, Faecalibacterium, 
and Colidextribacter correlate with healthy poultry growth.

Research has revealed complex regulatory mechanisms by which 
plants and their extracts exert their effects on animal systems (39). The 
bioactivity of medicinal plants is significantly affected by the methods 
used for their processing and extraction (40). Therefore, it is important 
to progress beyond analyses focused on specific compounds or classes 
of compounds to elucidate plant functions. The effects of plants on 
animals, especially poultry, also manifest this intricate mechanistic 
complexity (41). Adopting Mendelian randomization as a 
methodology is crucial for analyzing these cause-effect relationships 
more objectively (42), as this method employs genetic variation as an 
instrumental variable to evaluate the causal relationships between a 
particular influence and a specific outcome, making it highly 
applicable to broiler chicken production. Using Mendelian 
randomization, we analyzed the relationship between the nutrition 
and health of white-feather broilers, discovering genetic variations 
linked to poultry nutrition and meat quality that will determine the 
actual consequences of a specific feed additive on production 
efficiency or disease incidence. Furthermore, consideration of the 
differences in drug metabolism between poultry and humans, 
including drug absorption, distribution, and excretion within the 
body, is critical, as some medications may not have the same effects in 
humans as in poultry. Therefore, more in-depth investigations are 
needed on these differences to verify the possible benefits of herbal 
feed additives.

In summary, this study indicates that fruit extract additives of 
L. cubeba have the potential to serve as sustainable feed additives, 

replacing antibiotics and chemically synthesized drugs. Use of these 
additives can have a positive influence on the coloration of white-
feather broiler breast meat by adjusting the post-slaughter meat pH, 
flavor-associated amino acids, and the content of certain unsaturated 
fatty acids. However, in this study, we intended to obtain preliminary 
observations and results; therefore, only a small sample size was used 
for this pilot investigation. Subsequent research will require a larger 
sample size and should be extended to a larger population. Despite 
these limitations, our findings revealed a significant increase in the 
content of three unsaturated fatty acids: docosatetraenoate (C22:4) 
(p = 0.001), docosapentaenoate (C22:5n6) (p < 0.001), and 
docosapentaenoate (C22:5n3) (p < 0.001). As commercial broiler 
chickens are not animal models, it is challenging to delve further into 
the underlying mechanisms. We plan to explore these associations 
using 16S rRNA gut microbiota analyses. In this study, correlation 
analyses indicated that supplementation of white-feather broiler diets 
with L. cubeba extract can alter the gut microbiota at the genus level, 
and these changes indirectly affected the levels of docosatetraenoate 
(C22:4) and arachidonate (C20:4n6) through laurate (C12:0).

5 Conclusion

This study investigated the potential effects of adding L. cubeba 
fruit extract to the basic diet of broilers. The results indicated that the 
addition of 1.25 and 2.50 g/kg of the extract had no significant impact 
on the growth and slaughter performance of white-feather broilers. 
However, it significantly improved the coloration of the breast meat, 
thereby enhancing its sensory quality. Additionally, the extract had a 
positive influence on the content of amino acids and minor 
unsaturated fatty acids in the breast meat by modulating the gut 
microbiota, thus enhancing the nutritional value and flavor of the 

FIGURE 11

Correlation analysis between amino acids and polyunsaturated fatty acids at p  <  0.01 with the top 20 genus-level gut flora. (A) Chord diagram of the 
top 20 genus-level intestinal flora with amino acid and fatty acid correlation. (B) Mantel test between top 20 genus-level intestinal flora, amino acids, 
and fatty acids. In the collinearity analysis, Variable 1 comprised the top 20 abundant bacteria, while Variable 2 comprised four amino acids and five 
fatty acids.
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meat. In conclusion, this exploratory study provides preliminary 
evidence that the addition of L. cubeba fruit extract to broiler feed can, 
at the very least, enhance the taste and nutritional content of white-
feather broiler meat.
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Introduction: This study was carried out to investigate the e�ects of mixed meal

(rapeseedmeal, cottonmeal, and sunflowermeal) replacement soybeanmeal on

growth performance, nutrient apparent digestibility, serum inflammatory factors

and immunoglobulins, serum biochemical parameters, intestinal permeability,

short-chain fatty acid content, and gut microbiota of finishing pigs.

Methods: A total of 54 pigs with an average initial weight of 97.60± 0.30 kg were

selected and randomly divided into 3 groups according to their initial weight,

with 6 replicates in each group and 3 pigs in each replicate. The trial period was

26 days. The groups were as follows: control group (CON), fed corn-soybean

meal type basal diet; Corn-soybean-mixedmeal group (CSM), fed corn-soybean

meal-mixed meal diet with a ratio of rapeseed meal, cotton meal, and sunflower

meal of 1:1:1 to replace 9.06% soybean meal in the basal diet; Corn-mixed meal

group (CMM), fed a corn-mixed meal diet with a ratio of Rapeseed meal, Cotton

meal and Sunflower meal of 1:1:1 to replace soybean meal in the basal diet

completely. The crude protein level of the three diets was maintained at 12.5%.

Results: Our findings revealed no significant impact of replacing soybean meal

with the mixed meal (rapeseed meal, cotton meal, and sunflower meal) on

the ADG (Average daily gain), ADFI (Average daily feed intake), and F/G (Feed

gain ratio) (P > 0.05), or crude protein, crude fat, and gross energy (P >

0.05) in the diet of finishing pigs. Compared with the CON group, the serum

interleukin 6 (IL-6) and interleukin 10 (IL-10) concentrations were significantly

decreased in the CMM group (P < 0.05). However, there is no significant e�ect

of the mixed meal (rapeseed meal, cotton meal, and sunflower meal) replacing

soybean meal in the diet on the serum interleukin 1β (IL-1β), interleukin 8 (IL-8),

tumor necrosis factor-alpha (TNF-α), immunoglobulin A (IgA), immunoglobulin

G (IgG), and immunoglobulin M (IgM) concentrations (P > 0.05). Concordantly,

there is no significant e�ect of mixed meal (rapeseed meal, cotton meal, and

sunflower meal) replacing soybean meal in the diet on the serum antioxidant

capacity, such as total antioxidant capacity (T-AOC), catalase (CAT), and
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malondialdehyde (MDA) levels of finishing pigs. Moreover, compared with the

CON group, serum low-density lipoprotein (LDL-C) levels were significantly

lower in the CSM group (P < 0.05) and their total bilirubin (TBIL) levels were

significantly lower in the CMM group (P < 0.05). There is not a significant e�ect

on serum D-lactate and diamine oxidase (DAO) concentrations (P > 0.05). The

next section of the survey showed that the replacement of soybean meal with a

mixed meal (rapeseed meal, cotton meal, and sunflower meal) in the diet did not

significantly influence the acetic acid, propionic acid, butyric acid, valeric acid,

isobutyric acid, and isovaleric acid in the colon contents (P > 0.05). Furthermore,

compared with the CON group, the CMM group diet significantly increased the

abundance of Actinobacteria at the phylum level (P < 0.05), U_Actinobacteria

at the class level (P < 0.05), and U_Bacteria at the class level (P < 0.05). The

result also showed that the CMM group significantly reduced the abundance

of Oscillospirales at the order level (P < 0.05) and Streptococcaceae at the

family level (P < 0.05) compared with the CON group. The Spearman correlation

analysis depicted a statistically significant positive correlation identified at the

class level between the relative abundance of U_Bacteria and the serum T.

BILI concentrations (P < 0.05). Moreover, a significant negative correlation was

detected at the order level between the relative abundance of Oscillospirales

and the levels of acetic and propionic acids in the colonic contents (P < 0.05).

Additionally, there was a significant positive correlation between the serum

concentrations of IL-6 and IL-10 and the relative abundance of the family

Streptococcaceae (P < 0.05).

Discussion: This study demonstrated that the mixed meal (rapeseed meal,

cotton meal, and sunflower meal) as a substitute for soybean meal in the diet

had no significant negative e�ects on the growth performance, nutrient apparent

digestibility, serum immunoglobulins, serum antioxidant capacity, intestinal

permeability, short-chain fatty acid content, and diversity of gut microbiota of

finishing pigs. These results can help develop further mixed meals (rapeseed

meal, cottonmeal, and sunflowermeal) as a functional alternative feed ingredient

for soybean meals in pig diets.

KEYWORDS

rapeseed meal, cotton meal, sunflower meal, finishing pigs, short-chain fatty acid

1 Introduction

Soybean meal is the main protein source for non-ruminants

due to its substantial protein content, ranging from 44% to

49%. This high protein value is essential for supplying an

adequate amount of amino acids required for optimal animal

growth and development (1, 2). Predominantly, soybean meal

serves as the primary protein source in swine feeds across

the globe. However, the swine industry’s heavy reliance on the

importation of significant quantities of soybean meal has sparked

growing concerns. To maintain a competitive stance in the global

marketplace, the swine industry is proactively seeking sustainable

and feasible strategies. These strategies aim to generate and

supply nutritional energy and minerals, while simultaneously

ensuring appropriate yield and maintaining optimum animal

performance levels. As the global demand for livestock and

poultry production continues to escalate, identifying alternative

raw materials that can replace soybean meal has become

increasingly critical.

Alternative native protein feedstocks are required to increase

pig production’s sustainability and self-sufficiency. Rapeseed

meal, cottonseed meal, and sunflower seed meal are typical

by-products of agricultural production in China. These by-

products exhibit favorable characteristics such as higher

protein content, larger yield, and lower cost. As plant-based

feed protein raw materials, they offer promising potential

to replace soybean meal in pig production. Previous studies

have shown that the scientific and rational application of

this type of protein raw materials can effectively reduce the

amount of soybean meal in balanced feed, which has a positive

significance in alleviating the dependence on soybean meal

(3, 4).

There are differences in the use of rapeseed meal, cottonseed

meal, and sunflower meal in the growing swine stage of swine

production. Previous studies have highlighted the potential

benefits of incorporating rapeseed meal and fava beans in

the diets of growing pigs (108.7 ± 4.2 kg final body weight).

Specifically, these additions have been shown to improve feed
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conversion rates during the finishing period and increase the

concentration of free amino acids in the blood (5). Cottonseed

meal exhibits similar crude protein, mineral, and vitamin

content to soybean meal. Research has indicated that the

partial replacement of 2.5% soybean meal with cottonseed meal

in the diet of growing pigs (13.18 to 39.81 kg) does not

significantly impact growth performance (4). Furthermore, Kim

et al. (6) have observed that growing pigs (initial body weight

of 19.3 ± 1.8 kg) demonstrate enhanced digestive utilization

efficiency when fed high-protein sunflower seed meal. All of the

above studies show that mixed meals (rapeseed meal, cotton

meal, and sunflower meal) are a promising protein material

for swine.

However, it remains unclear whether the replacement of

soybean meal in finishing pigs’ diets with a mixture of rapeseed

meal, cottonseed meal, and sunflower meal is associated with

changes in growth performance and intestinal microbial diversity

in finishing pigs. Therefore, the purpose of this experiment

was to investigate the effects of using miscellaneous meal

in place of soybean meal in diets on growth performance,

nutrient apparent digestibility, serum immunoglobulins,

serum antioxidant capacity, intestinal permeability, short-

chain fatty acid content, and diversity of gut microbiota of

finishing pigs.

2 Materials and methods

2.1 Animals

The animal treatment protocols implemented in

this study were reviewed and approved by the Animal

Care and Use Committee of the Guangdong Academy

of Agricultural Sciences. The protocols adhered to the

guidelines outlined in the Guide for the Care and Use

of Animals for Research and Teaching (Authorization

No. GAIASIAS-2022-022).

A total of 54 pigs (27 barrows and 27 gilts, 150 days) with

an average initial weight of 97.60 ± 0.30 kg were selected and

randomly divided into 3 treatment groups according to their initial

weight. Each treatment will encompass 6 replicates with 3 pigs per

pen (9 barrows and 9 gilts). The finishing pigs utilized in this study

are sourced from the breeding test base of the Institute of Animal

Science, Guangdong Academy of Agricultural Sciences. The trial

period was 26 days. The groups were as follows: control group

(CON), fed corn-soybean meal type basal diet; Corn-soybean-

mixed meal group (CSM), fed corn-soybean meal-mixed meal diet

with a ratio of Rapeseed meal, Cotton meal, and Sunflower meal

of 1:1:1 to replace 9.06% soybean meal in the basal diet; Corn-

mixed meal group (CMM), fed a corn-mixed meal diet with a

ratio of rapeseed meal, cotton meal and sunflower meal of 1:1:1

to replace soybean meal in the basal diet completely. All 18 pens

were identical, with the same covered area (3 m2/pig), and were

equipped with similar troughs for feed concentrates and water. Pigs

were provided ad libitum access to water and feed during the entire

experimental trial. At the beginning and the end of the trial, the trial

pigs were weighed after 12 h of fasting.

2.2 Experimental diets

The nutritional regimes for the experimental diets were devised

with calculated precision, adhering stringently to the specifications

outlined by the National Research Council (NRC, 2012, p. 248–249)

for finishing pigs. These guidelines encompass both the requisite

nutrient levels for optimal growth and the nutrient profiles of a

variety of feedstuffs. The experimental formulations were rendered

isonitrogenous, with a standardized crude protein content of 12.5%

across all diets. Moreover, the dietary compositions were finely

tuned to maintain homogeneity in the levels of essential nutrients,

including metabolizable energy, calcium, standardized total tract

digestible phosphorus (STTD P), and standardized ileal digestible

lysine. The concentration of these nutrients was controlled within

a tight tolerance of ±0.6%, thereby ensuring that the nutritional

integrity was consistent among the different treatment groups

and mitigating any potential variances that could impact the

experimental outcomes.

To enhance the precision of fecal matter identification

and subsequent nutrient digestibility evaluation, 0.4% titanium

dioxide was incorporated as a non-absorbable marker within the

feed matrix. The feed was subsequently pelletized to promote

consistent intake across all subjects and to reduce the potential for

feed wastage.

Comprehensive details regarding the composition and

proportions of ingredients in the basal diet are systematically

cataloged in Table 1. This methodological rigor was paramount

to ensure that the dietary interventions were tailored to the

physiological demands of the animals throughout the finishing

phase, thereby enabling a robust and reliable evaluation of their

growth performance and overall feed conversion efficiency.

2.3 Sample collection

After 26 days of experimental period, the pigs in each group

were weighed. Three days before the end of the experiment,

fresh fecal samples were collected from pigs before feeding in

the morning for 3 consecutive days. Fresh, uncontaminated fecal

samples were collected once a day at 7:00 a.m., weighed and mixed

with 10% hydrochloric acid 10mL per 100 g sample for nitrogen

fixation treatment, and stored at−20◦C for subsequent analysis. In

addition, fresh unground fecal samples were received and stored

at −80◦C for gut microbial composition and diversity. At the

conclusion of the experiment, one pig from each replicate, chosen

based on average body weight, was selected for blood sampling.

Following a fasting period of 12 h, 20mL of blood was collected

from the pig’s ear vein. The collected blood was then centrifuged

at a speed of 3,000 rpm for a duration of 10min to yield the

serum samples.

2.4 Growth performance

Feed consumption of each replicate was recorded from the

beginning to the end of the experiment. The average daily gain

(ADG), average daily feed intake (ADFI), and feed-to-gain ratio
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TABLE 1 Composition and nutrient level of the experimental diets

(air-dried basis, %).

Ingredients,
%

Treatmentsa

CON CSM CMM

Corn 56.05 52.94 50.15

Cassava 25.00 25.00 25.00

Soybean meal 16.46 7.40

Rapeseed meal 3.52 6.46

Cotton meal 3.52 6.46

Sunflower meal 3.52 6.46

Soybean oil 1.50 2.75

Calcium carbonate 0.60 0.60 0.58

Calcium phosphate 0.09 0.04 0.03

NaCl 0.40 0.40 0.40

L-lysine

hydrochloride

0.08 0.21 0.33

L-Threonine 0.01 0.04 0.06

L-Tryptophan 0.01

Choline chloride 0.10 0.10 0.10

Premixb 1.21 1.21 1.21

Total 100.00 100.00 100.00

Nutrient level

Metabolic energy,

MJ/kg

13.86 13.80 13.75

Crude protein 12.50 12.50 12.50

Ca 0.49 0.49 0.49

STTD P 0.22 0.22 0.22

SID Lys 0.61 0.61 0.61

SID Met 0.18 0.19 0.20

SID Met+Cys 0.38 0.39 0.40

SID Thr 0.40 0.40 0.40

SID Trp 0.13 0.11 0.11

aCON, the control group was fed corn-soybean meal basal diet; CSM, the corn-soybean meal

mixed meal group was fed with mixed meal to partially replace soybean meal in the basal

diet; CMM, the corn mixed meal group was fed with mixed meal as a complete replacement

of soybean meal in the basal diet. bThe premix provided the following per kg of diets:

VA 4 500 IU, VD2 100 IU, VE 22.5mg, VK 3.75mg, VB1 2.25mg, VB2 7.5mg, nicotinic

acid 30mg, D-pantothenic acid 11.25mg, folic acid 0.75mg,VB6 3mg, VB12 0.03mg, biotin

0.08mg, Fe(FeSO4•H2O) 112.5mg, Cu(CuSO4•5H2O) 6mg, Mn(MnSO4•H2O) 4.5mg,

Zn(ZnSO4•H2O) 60mg, I(CaI2O6) 0.14mg, Se(Na2SeO3) 0.3 mg.

(F/G) were calculated accordingly. The equations utilized for the

determination of growth performance metrics are specified below:

ADG = (Final body weight− Initial body weight)/days of feeding;

ADFI = (total feed consumed− residual feed)/

(duration of feeding period× number of pigs);

F/G = ADFI/ADG.

TABLE 2 E�ect of mixed meal replacement of soybean meal on the

growth performance of finishing pigs1.

Item Treatments p-value

CON CSM CMM

IBW, kg 97.52±

0.55

97.69±

0.54

97.58±

0.57

0.98

FBW, kg 126.16±

1.13

125.65±

1.36

125.14±

1.31

0.85

ADG, kg/d 1.10±

0.02

1.07±

0.04

1.06±

0.04

0.70

ADFI, kg/d 3.53±

0.09

3.46± 0.1 3.39±

0.05

0.53

F: G 3.21±

0.10

3.22±

0.06

3.21±

0.07

0.99

1Data are presented as mean ± SEM (n = 6). Within a row, means without a common

superscript letter differ at P < 0.05. IBW, initial body weigh; FBW, final body weight; ADG,

average daily gain; ADFI, average daily feed intake; F/G, ratio of feed to gain. CON, the control

group was fed corn-soybean meal basal diet; CSM, the corn-soybean meal mixed meal group

was fed with mixed meal to partially replace soybean meal in the basal diet; CMM, the corn

mixed meal group was fed with mixed meal as a complete replacement of soybean meal in the

basal diet.

TABLE 3 E�ect of mixed meal replacement of soybean meal on apparent

digestibility of nutrients of finishing pigs1.

Item Treatments p-value

CON CSM CMM

Crude protein, % 73.42±

1.53

76.74±

1.22

73.30±

2.95

0.42

Crude fat, % 84.43±

1.05

85.73±

1.12

84.66±

1.74

0.43

Gross energy, % 85.80±

0.88

85.48±

0.75

83.60±

1.83

0.77

1Data are presented as mean ± SEM (n = 6). Within a row, means without a common

superscript letter differ at P < 0.05. CON, the control group was fed corn-soybean meal basal

diet; CSM, the corn-soybean meal mixed meal group was fed with mixed meal to partially

replace soybean meal in the basal diet; CMM, the corn mixed meal group was fed with mixed

meal as a complete replacement of soybean meal in the basal diet.

2.5 Nutrient apparent digestibility

All diets were given a starting dose of titanium dioxide (0.4%),

which was used as an indigestible marker of nutrient apparent

digestibility. In pens, feces were collected, dried, sampled, and

stored at −20◦C for analysis. All of the growing pigs’ excrement

was defrosted, blended, and then baked at 65◦C for 72 h before the

natural moisture was restored at room temperature for 24 h.

The estimation of crude protein content was performed by

multiplying the total nitrogen content, which was measured using

the Kjeltec 8400 analyzer (FOSS Analytical AB, Sweden), by a

conversion factor of 6.25. Additionally, the determination of crude

fat content was carried out using an automated extraction analyzer

(XT 15i, Ankom Technology, USA).; the total energy content in

the rations and manure samples The total energy content of the

rations and manure samples was determined using an oxygen

bomb calorimeter (6400, Parr Instrument, USA) according to the

international standard ISO 9831:1998 method. The concentration

of TiO2 in all samples (feed and fecal) was measured according to

Myers et al. (7).
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TABLE 4 E�ect of mixed meal replacement of soybean meal on serum

inflammatory factors of finishing pigs1.

Item Treatments p-value

CON CSM CMM

IL-1β, ng/L 24.81±

0.81

26.50±

2.49

29.69±

1.86

0.20

IL-6, ng/L 570.54±

30.53a
483.1±

32.72ab
456.14±

25.41b
0.04

IL-8, ng/L 260.48±

14.09

294.77±

30.56

281.96±

7.90

0.49

IL-10, ng/L 102.31±

5.50a
86.57±

5.89ab
81.72±

4.58b
0.04

TNF-α, ng/L 174.06±

12.43

182.69±

14.27

179.24±

6.97

0.87

1Data are presented as mean ± SEM (n = 6). Within a row, means without a common

superscript letter differ at P < 0.05. CON, the control group was fed corn-soybean meal basal

diet; CSM, the corn-soybean meal mixed meal group was fed with mixed meal to partially

replace soybean meal in the basal diet; CMM, the corn mixed meal group was fed with mixed

meal as a complete replacement of soybean meal in the basal diet.

TABLE 5 E�ect of mixed meal replacement of soybean meal on serum

immunoglobulins of finishing pigs1.

Item Treatments p-value

CON CSM CMM

IgA, µg/ml 21.14±

0.8

24.05±

1.12

22.01±

0.49

0.07

IgG, µg/ml 258.73±

15.31

274.69±

15.38

278.63±

10.02

0.57

IgM, µg/ml 31.41±

1.48

30.7±

1.57

31.22±

1.02

0.93

1Data are presented as mean ± SEM (n = 6). Within a row, means without a common

superscript letter differ at P < 0.05. CON, the control group was fed corn-soybean meal basal

diet; CSM, the corn-soybean meal mixed meal group was fed with mixed meal to partially

replace soybean meal in the basal diet; CMM, the corn mixed meal group was fed with mixed

meal as a complete replacement of soybean meal in the basal diet.

Nutrient apparent digestibility was calculated as follows (8):

Apparent nutrient digestibility (%) = [1 – (TiO2 content in the

dietary/TiO2 content in the fecal sample) × (nutrient content in

the fecal sample/nutrient content in the dietary)]× 100.

2.6 Enzyme-linked immunosorbent assay

In this study, the detection of serum inflammatory factors and

immunoglobulins was carried out using kits supplied by Jiangsu

Meimian Industrial Co., Ltd. (Jiangsu, China). The determinations

were made by the kit’s provided instructions, including interleukin

1β (IL-1β, Item No.: MM-042201), interleukin 6 (IL-6, Item

No.: MM-041801), interleukin 8 (IL-8, Item No.: MM-041701),

interleukin 10 (IL-10, Item No.: MM-042501), tumor necrosis

factor-alpha (TNF-α, Item No.: MM-038301), immunoglobulin A

(IgA, Item No.: MM-090501), immunoglobulin G (IgG, Item No.:

MM-040301), immunoglobulin IgM (IgM, ItemNo.: MM-040201),

D-lactate (D-lactate, ItemNo.: MM-3373201), and diamine oxidase

(DAO, Item No.: MM-043801).

TABLE 6 E�ect of mixed meal replacement of soybean meal on

antioxidant capacity of finishing pigs1.

Item Treatments p-value

CON CSM CMM

T-AOC, U/ml 0.99±

0.11

1.03±

0.10

1.19±

0.16

0.49

CAT, U/ml 11.06±

0.68

11.75±

0.61

12.67±

0.51

0.25

MDA, nmol/ml 3.14±

0.36

2.78±

0.39

2.66±

0.20

0.61

1Data are presented as mean ± SEM (n = 6). Within a row, means without a common

superscript letter differ at P < 0.05. T-AOC, total antioxidant capacity; CAT, catalase; MDA,

malondialdehyde; CON, the control group was fed corn-soybean meal basal diet; CSM, the

corn-soybean meal mixed meal group was fed with mixed meal to partially replace soybean

meal in the basal diet; CMM, the corn mixed meal group was fed with mixed meal as a

complete replacement of soybean meal in the basal diet.

2.7 Analyses of antioxidant capacity in the
serum

The antioxidant indexes of serum samples including

total antioxidant capacity (T-AOC), catalase (CAT), and

malondialdehyde (MDA) were measured using the commercial

kits from Nanjing Jiancheng Institute of Biological Engineering

(Nanjing, China) according to the manufacturer’s instructions.

2.8 Serum biochemical parameters
measurement

A range of serum biochemical markers were evaluated

in this study. This included serum total protein (TP),

alanine aminotransferase (ALT), creatinine (CRE), aspartate

aminotransferase (AST), alkaline phosphatase (ALP), albumin

(ALB), urea (UREA), glucose (GLU), triglyceride (TG), total

cholesterol (CHO), high-density lipoprotein (HDL-C), low-

density lipoprotein (LDL-C), and total bilirubin (TBIL). These

parameters were determined according to the methods described

previously (9).

Additionally, porcine transferrin (TRF) and ceruloplasmin

(CP) were identified using kits obtained from Nanjing Jiancheng

Bioengineering Institute (Nanjing, China).

2.9 Measurement of short-chain fatty acid

Short-chain fatty acids (including acetic acid, propionic acid,

butyric acid, valeric acid, isobutyric acid, and isovaleric acid) were

quantified according to the methods described previously (9).

The experiment utilized 0.5 g of colon contents as the sample.

To dissolve it completely, 1.5mL of water was added and then

centrifuged. Next, 1mL of the resulting supernatant was combined

with 200 µL of crotonic acid (concentration: 42 mmol/L) and

200 µL of metaphosphoric acid solution (concentration: 10%),

ensuring thorough mixing. The mixture was then refrigerated at

4◦C overnight. Subsequently, centrifugation was performed at 4◦C

for 10min to obtain the supernatant, which was mixed with an

Frontiers in Veterinary Science 05 frontiersin.org181

https://doi.org/10.3389/fvets.2024.1321486
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


He et al. 10.3389/fvets.2024.1321486

TABLE 7 E�ect of mixed meal replacement of soybean meal on serum

biochemical parameters of finishing pigs1.

Item Treatments p-value

CON CSM CMM

TP, g/l 69.9±

2.30

71.45±

1.60

71.17±

1.06

0.80

ALT, U/L 46.66±

4.24

56.84±

5.24

46.84±

5.08

0.27

CRE, µmol/l 151.67±

1.91

159.59±

6.34

152.93±

5.49

0.50

AST, U/L 38.37±

1.98

41.65±

4.51

41.93±

3.57

0.73

ALP, U/L 125.61±

18.37

122.56±

2.47

99.84±

7.97

0.26

ALB, g/l 41.40±

2.56

41.18±

2.27

45.76±

5.63

0.64

UREA, mmol/l 3.44±

0.42

3.69±

0.39

3.27±

0.17

0.69

GLU, mmol/l 2.81±

0.12

2.77±

0.12

2.83±

0.07

0.93

TG, mmol/l 0.61±

0.03

0.62±

0.05

0.61±

0.04

0.97

CHO, mmol/l 10.84±

0.54

10.35±

0.5

9.96±

0.40

0.46

HDL-C, mmol/l 1.11±

0.06

1.07±

0.04

1.10±

0.04

0.85

LDL-C, mmol/l 1.81±

0.10b
2.32±

0.12a
2.16±

0.10ab
0.01

T. BILI, µmol/l 6.91±

0.66b
10.75±

1.45ab
12.67±

1.56a
0.02

1Data are presented as mean ± SEM (n = 6). Within a row, means without a common

superscript letter differ at P < 0.05. TP, total protein; ALT, Glutathione transaminase CRE,

Creatinine; AST, Glutathione aminotransferase; ALP, Alkaline phosphatase; ALB, Albumin;

GLU, Glucose; TG, Triglycerides; CHO, Cholesterol; HDL-C, High-density lipoprotein; LDL-

C, Low-density lipoprotein; T. BILI, Total bilirubin. CON, the control group was fed corn-

soybean meal basal diet; CSM, the corn-soybean meal mixed meal group was fed with mixed

meal to partially replace soybean meal in the basal diet; CMM, the corn mixed meal group

was fed with mixed meal as a complete replacement of soybean meal in the basal diet.

equal proportion of ether. After allowing it to stand for 5min, the

ether layer was extracted using a disposable syringe and filtered

through a 0.22µm organic membrane. Finally, the filtered liquid

was injected into a brown injection bottle.

2.10 Analysis of gut microbial composition
and diversity

This study employed 16S rRNA sequencing to evaluate the

impact of replacing a soybean meal with a mixed meal (rapeseed

meal, cotton meal, and sunflower meal) on the colonic contents’

flora of finishing pigs. Genomic DNA was extracted using the

OMEGA Soil DNA Kit (No.: D562501; Omega Bio-Tek, Norcross,

GA, USA) following the manufacturer’s instructions. The quantity

and quality of the extracted DNA were assessed using a NanoDrop

ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham,

MA, USA). The V3-V4 variable region of the 16S rRNA gene was

amplified using primers 338F (5′-ACTCCGGGGAGGCAGCA3′)

and 806R (5′-TCGGACTACHVGTWTCTAAT-3′). The resulting

PCR product was purified and quantified using the Quant-iT

PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA).

Sequencing was conducted on the HiSeq 2500 PE 250 platform

(Novogene Bioinformatics Technology Co., Ltd., Tianjin, China)

after quantification.

The main tool used in the bioinformatics analysis was QIIME2.

Venn diagrams were employed to depict shared and unique OTUs,

thereby highlighting the similarities and differences among various

treatments. The calculation of Alpha diversity indices, such as

Shannon, Simpson, Chao1, and Ace, was performed at the ASV

level using the ASV table in QIIME2, and these were represented

through box plots. Beta diversity investigations used weighted

UniFrac distance metrics to explore the structural changes in

microbial communities across samples, visualized via principal

coordinate analysis (PCoA) and non-metric multidimensional

scaling (NMDS). The assessment of differences in the microbiota’s

relative abundance among treatments was done using LDA effect

size (LEfSe) analyses and Random Forest analyses. The Spearman

correlations between the representative bacteria at phylum, class,

order, and family levels and the significant phenotype parameters

concerning serum biochemical parameters, serum inflammatory

factors, serum immunoglobulins, and short-chain fatty acid were

plotted as heatmaps using the R package (version 2.15.3).

2.11 Statistical analysis

The quantitative analysis of the experimental data in this study

was conducted utilizing the advanced statistical software IBM

SPSS Statistics Version 27.0 (IBM Corp., Armonk, NY, USA). To

determine statistical significance among treatment groups, a one-

way analysis of variance (ANOVA) was implemented. Prior to

conducting ANOVA, Levene’s test for equality of variances was

applied to ensure that the assumption of homogeneity of variance

was satisfied across the groups. Following the initial ANOVA,

post hoc analysis was performed using Tukey’s Honest Significant

Difference (HSD) test to conduct multiple pairwise comparisons

and control the family-wise error rate. The threshold for statistical

significance was established at P < 0.05. Additionally, instances

where the P-value ranged from 0.05 to <0.10 were interpreted

as indicating a significant trend, warranting mention due to their

potential biological relevance despite falling short of conventional

levels of significance.

3 Results

3.1 Growth performance and nutrient
apparent digestibility

As shown in Table 2, partial or totally substitute of soybean

meal with amixedmeal (rapeseedmeal, cottonmeal, and sunflower

meal) in the diet did not significantly influence the average daily

gain (ADG), average daily feed intake (ADFI), or feed-to-gain ratio

(F/G) of finishing pigs (P > 0.05).

Similarly, no significant effect was observed on the apparent

digestibility of nutrients including crude protein, crude fat, and

gross energy when soybean meal was replaced with a mixed meal
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FIGURE 1

E�ect of mixed meal replacement of soybean meal on intestinal permeability of finishing pigs. (A) D-lactate concentration in serum. (B) Diamine

oxidase concentration in serum. CON, the control group was fed a corn-soybean meal basal diet; CSM, the corn-soybean meal mixed meal group

was fed with a mixed meal to partially replace soybean meal in the basal diet; CMM, the corn mixed meal group was fed with a mixed meal as a

complete replacement of soybean meal in the basal diet. Values are means ± SEM, n = 6. Labeled means in a row with di�erent letters di�er, p < 0.05.

(rapeseed meal, cotton meal, and sunflower meal) in the diet (P >

0.05) (Table 3).

3.2 Serum inflammatory factors and
immunoglobulins

It can be seen from the data in Table 4 that compared with

the CON group, the serum IL-6 and IL-10 concentrations were

significantly decreased in the CMM group (P < 0.05). However,

there is no significant effect of mixed meal (rapeseed meal, cotton

meal, and sunflower meal) replacing soybean meal in the diet on

the serum IL-1β, IL-8, and TNF-α concentrations (P > 0.05).

Based on the findings in Table 5, our research indicates

that substituting mixed meals (rapeseed meal, cotton meal, and

sunflower meal) with soybean meal in the dietary does not have

a significant effect on serum immunoglobulin concentrations,

including IgA, IgG, and IgM (P > 0.05).

3.3 Antioxidant capacity

The results of the antioxidant capacity of serum are shown

in Table 6. Our study showed that the replacement of soybean

meal by mixed meal (rapeseed meal, cotton meal, and sunflower

meal) in the diet did not significantly (P > 0.05) affect serum

antioxidant indices, including total antioxidant capacity (T-AOC),

catalase (CAT), and malondialdehyde (MDA) in finishing pigs.

3.4 Serum biochemical parameters

Table 7 shows that compared with the CON group, serum LDL-

C levels were significantly lower in the CSM group (P < 0.05)

and their T. BILI levels were significantly lower in the CMM

group (P < 0.05). However, there is no significant effect of mixed

meal (rapeseed meal, cotton meal, and sunflower meal) replacing

TABLE 8 E�ect of mixed meal replacement of soybean meal on

short-chain fatty acid content in the colon contents of finishing pigs1.

Item Treatments p-value

CON CSM CMM

Acetic acid, mmol/g 16.33±

1.40

19.03±

2.28

18.66±

0.87

0.46

Propionic acid,

mmol/g

12.93±

1.60

13.45±

1.52

13.32±

1.03

0.96

Butyric acid,

mmol/g

5.87±

0.79

6.51±

0.85

6.74±

0.93

0.77

Valeric acid,

mmol/g

1.43±

0.15

1.40±

0.17

1.94±

0.40

0.30

Isobutyric acid,

mmol/g

2.75±

0.27

3.05±

0.25

3.09±

0.52

0.79

Isovaleric acid,

mmol/g

3.64±

0.42

4.09±

0.59

4.56±

0.84

0.61

1Data are presented as mean ± SEM (n = 6). Within a row, means without a common

superscript letter differ at P < 0.05. CON, the control group was fed corn-soybean meal basal

diet; CSM, the corn-soybean meal mixed meal group was fed with mixed meal to partially

replace soybean meal in the basal diet; CMM, the corn mixed meal group was fed with mixed

meal as a complete replacement of soybean meal in the basal diet.

soybean meal in the diet on the serum TP, ALT, CRE, AST, ALP,

ALB, UREA, GLU, TG, CHO, and HDL-C levels (P > 0.05).

3.5 Intestinal permeability and short-chain
fatty acid contents

From Figure 1, we can see that substituting mixed meals

(rapeseed meal, cotton meal, and sunflower meal) with soybean

meal in the dietary does not have a significant effect on serum

D-lactate and DAO concentrations (P > 0.05).

As shown in Table 8, the replacement of soybean meal with a

mixed meal (rapeseed meal, cotton meal, and sunflower meal) in

the diet did not significantly influence the short-chain fatty acids

(e.g., acetic, propionic, butyric, valeric, isobutyric, and isovaleric

acids) in the colon contents (P > 0.05).
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3.6 Gut microbiota composition and
diversity

At the phylum level (Figure 2A), the dominant bacteria

were Firmicutes, Proteobacteria, and Bacteroidota. At the class

level (Figure 2B), the dominant bacteria were Bacilli, Clostridia,

and Gammaproteobacteria. At the order level (Figure 2C),

the dominant bacteria were Lactobacillales, Bacteroidales,

and Burkholderiales. At the family level (Figure 2D), the

dominant bacteria were Lactobacillaceae, Muribaculaceae,

and Streptococcaceae. From Figure 2E, we can see that compared

with the CON group, the CMM group diet significantly increased

the abundance of Actinobacteria at the phylum level (P < 0.05),

U_Actinobacteria at the class level (P < 0.05), and U_Bacteria at

the class level (P < 0.05). Figure 2E also showed that compared

with the CON group, the CMM group diet significantly reduced

the abundance of Oscillospirales at the order level (P < 0.05) and

Streptococcaceae at the family level (P < 0.05).

As shown in Figure 3A, the replacement of soybean meal with a

miscellaneousmeal in the diet did not significantly impact the alpha

diversity of colonmicrobiota, as indicated Shannon index, Simpson

index, Chao1 index, and Ace index (P > 0.05).

In terms of beta diversity, the distributional distances

between the three groups (CON, CSM, and CMM) were

not distinctly separated, as evidenced by the results of the

PCoA (Figure 3B) and NMDS (Figure 3C) analyses. LEfSe

analysis (Figure 3D) was used to identify bacteria that were not

significantly different between the three groups (CON, CSM,

and CMM). The LEfSe analysis indicated that seven bacteria

including Streptococcaceae (Family), Oscillospirales (Order),

Clostridium_sensu_stricto_1 (Genes), Christensenellaceae (Family),

Christensenellales (Order), Christensenellaceae_R_7_group

(Genes), Streptococcus_hyointestinalis (Species) were enriched

in CON group. However, the CMM group enriched

two bacteria including Erysipelotrichales (Order) and

Lachnospiraceae_NK4A136_group (Genes). The CSM group

enriched seven bacteria including unidentified_Actinobacteria

(Class), Actinobacteria (Phylum), Corynebacteriales (Order),

Rhizobiales (Order), Family_XI (Family), Acidobacteriae (Class),

and Mycoplasma (Genes). As depicted in Figure 3E, we identified

the top 10 genera in terms of abundance.

The Spearman correlation analysis depicted in Figure 4

revealed a lack of statistically significant association between

the relative abundance of the phylum Actinobacteria and the

salient phenotypic manifestations resulting from the substitution

of soybean meal with the mixed meal (rapeseed meal, cotton

meal, and sunflower meal) in finishing pigs (P > 0.05). This

absence of significant correlation persisted at the class level

with U_Actinobacteria (P > 0.05). In contrast, a statistically

significant positive correlation was identified at the class level

between the relative abundance of U_Bacteria and the serum T.

BILI concentrations (P < 0.05). Moreover, a significant negative

correlation was detected at the order level between the relative

abundance of Oscillospirales and the levels of acetic and propionic

acids in the colonic contents (P < 0.05). Additionally, there was a

significant positive correlation between the serum concentrations

of IL-6 and IL-10 and the relative abundance of the family

Streptococcaceae (P < 0.05).

4 Discussion

Feed costs significantly influence the profitability of pork

farmers, representing a substantial portion of the overall pig-

rearing expenses. Globally, soybean meal (SBM) is a prevalent

protein source; nonetheless, escalating the SBM quantity in pig

diets subsequently increases feed costs (10, 11). Rapeseed meal

is a by-product of oil extraction from rapeseed. Rapeseed meal

is an important alternative to soybean meal as a feed protein

ingredient and is easily digested and utilized by animals. Rapeseed

meal contains a complete range of amino acids (12). Similarly,

cottonseed meal, derived from cottonseed post-crushing and oil

leaching, and sunflower seed meal, obtained from partially hulled

sunflower seeds via pre-pressure leaching or direct solvent leaching

for oil, are valuable by-products. Rapeseed meal, cottonseed

meal, and sunflower seed meal have traditionally been explored

as substitutes for soybean meal in livestock and poultry feed,

as documented in previous studies (13–15). However, there

is a dearth of research exploring the implications of these

alternatives (rapeseed meal, cottonseed meal, and sunflower seed

meal) on growth performance, nutrient apparent digestibility,

serum immunoglobulins, serum antioxidant capacity, intestinal

permeability, short-chain fatty acid content, and diversity of

gut microbiota in finishing pigs. Therefore, our study aims to

illuminate the effects of replacing SBM with rapeseed meal,

cottonseed meal, and sunflower seed meal in the diets of

finishing pigs.

As expected, the present results showed that partial or complete

replacement of soybean meal by miscellaneous meal does not affect

the growth performance and development rate in finishing pigs.

The findings of our study are consistent with previous research,

demonstrating that the replacement of 11% of soybean meal in

control diets with 13% double-low rapeseed meal had no adverse

effects on the growth performance of growing pigs weighing

62 kg (16). Similar studies have also indicated that the growth

performance of growing pigs is not significantly influenced by the

partial substitution of 5% soybean meal with rapeseed meal and

cottonseed meal in their diet (4). Furthermore, it has been shown

that the inclusion of sunflower seedmeal at 5%, 10%, and 15% in the

ration as a replacement for soybeanmeal does not have a significant

impact on the growth performance of growing pigs weighing 62 kg

(17). The study showed that there were no differences in sow BW

changes during gestation, in sow BW on day 1 post-farrowing, or at

weaning due to dietary treatments, and there were no differences in

ADFI between gestation and lactation diets (18). In line with these

findings, another study observed no differences in body weight and

daily weight gain among growing-finishing pigs weighing 29.94

± 0.06 kg when fed diets containing rapeseed meal. Thus, our

experimental results corroborate the aforementioned correlations

between feed composition and growth performance outcomes. But

from week 13 of the growing season onward, increasing dietary

rapeseed additions lowered body weight and weight per increase

(19), this could be attributed to the elevated levels of rapeseed meal,

which led to an increase in the fiber content of the feed (10). The

inclusion of rapeseed in the diets of monogastric animals has been

somewhat restricted due to its substantial fiber and oligosaccharide

content, which stands at about 2.5% (20). Consistent with the

literature, a significant study by Hansen et al. (21) revealed a
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FIGURE 2

E�ect of mixed meal replacement of soybean meal on Colonic microbial composition of finishing pigs. (A) Top 10 bacteria with phylum level

abundance. (B) Top 10 bacteria with class level abundance. (C) Top 10 bacteria with order level abundance. (D) Top 10 bacteria with phylum family

abundance. (E) Species with significant di�erences in the top 10 relative abundance at each level. Data was analyzed by Kruskal-Wallis ANOVA with

Bonferroni posttest. CON, the control group was fed a corn-soybean meal basal diet; CSM, the corn-soybean meal mixed meal group was fed with a

mixed meal to partially replace soybean meal in the basal diet; CMM, the corn mixed meal group was fed with a mixed meal as a complete

replacement of soybean meal in the basal diet. Data are presented as mean ± SEM (n = 6). *Indicates significant di�erence at p < 0.05, **Indicates

significant di�erence at p < 0.01.

marked decrease in both average daily gain and feed conversion

ratios, indicating a potential negative impact on the feed intake of

growing-finishing pigs. This effect was observed when the animals

were fed nutritionally balanced diets that contained escalating

levels of rapeseed meal. Additionally, throughout the study, G/F

ratios tended to fall as dietary rapeseed addition increased. It has

been found that the gradual addition of rapeseed meal to feed

in the range of 0–30% will linearly reduce the ADFI of growing

pigs, and there is a tendency to linearly reduce ADG (22). Hong

et al. (23) also found that ADG overall responded quadratically to
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FIGURE 3

E�ect of mixed meal replacement of soybean meal on colonic microbial diversity of finishing pigs. (A) Colon microbial alpha diversity metric

(Shannon index, simpson index, chao1 index, ace index) of the three groups. (B) The principal coordinate analysis (PCoA) based on weighted_unifrac

algorithm. (C) Non-Metric Multidimensional Scaling (NMDS) based on weighted_unifrac algorithm. (D) The linear discriminant analysis e�ect size

(LEfSe) analysis (LDA score > 3.5) identified the biomarker bacterial species in the three groups. (E) Cluster heat map of the top 10 genera in terms of

abundance. CON, the control group was fed corn-soybean meal basal diet; CSM, the corn-soybean meal mixed meal group was fed with mixed

meal to partially replace soybean meal in the basal diet; CMM, the corn mixed meal group was fed with mixed meal as a complete replacement of

soybean meal in the basal diet.

the rising dietary level of rapeseed meal, increasing by 17% when

the dietary level of rapeseed meal was increased from 0% to 20%

and decreasing by 16% when the dietary level of rapeseed meal

was increased from 20% to 40%. The divergence in these results

might be attributed to the varying proportions of soybean meal,

rapeseed meal, cottonseed meal, and sunflower meal in the pig
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FIGURE 4

The Spearman correlation analysis of gut microbial composition at phylum, class, order, and family with serum biochemical parameters, serum

inflammatory factors, serum immunoglobulins, short-chain fatty acid in finishing pigs. Spearman correlation coe�cients of LDL-C, T. BILI, IL-6, IL-10,

IgA, acetic acid, propionic acid, butyric acid, valeric acid, isobutyric acid, and isovaleric acid at phylum, class, order, and family level, are represented

by color ranging from red (positive correlation) to blue (negative correlation). *Indicates statistically significant di�erence (P < 0.05). LDL-C,

Low-density lipoprotein; T. BILI, Total bilirubin; IL-6, interleukin 6; IL-10, interleukin 10; IgA, immunoglobulin A.

feed, as well as the differing content of anti-nutritional factors in

these meals.

Nutrient apparent digestibility serves as an indicator of the

animal’s capacity to digest and absorb the nutrients present in

their feed. The role of anti-nutritional factors (ANFs) is indeed

an important consideration when substituting soybean meal with

the mixed meal in pig diets. Previous studies have indicated that

ANFs can hinder nutrient absorption and affect digestibility in

pigs (24–26). Our experimental findings suggest that replacing the

soybean meal with the mixed meal does not significantly impact

the apparent nutrient digestibility in finishing pigs. Consequently,

we did not calculate the anti-nutritional factors of the mixed

meal in our experiment. A stronger absorption ability is typically

associated with more favorable animal growth. Shim et al. (4)

found that the replacement of rapeseed meal and cottonseed meal

with soybean meal in different proportions at different stages did

not significantly alter nutrient apparent digestibility in growing

pigs, including crude protein, crude fat, and gross energy, this is

consistent with the results of our experiments. Similarly, it has

been found that the replacement of soybean meal with rapeseed

meal (380 g/kg replacement rate during the growing period and

720 g/kg replacement rate during the finishing period) in the ration

resulted in a decrease in crude protein apparent digestibility but

no effect on crude fat apparent digestibility in finishing pigs (27).

However, the substitution of soybean meal with different varieties

of sunflower seed meal revealed varying effects on the apparent

digestibility of gross energy in growing pigs (3), this discrepancy

may be attributed to the fact that different processing conditions,

such as temperature, pressure, or duration, can alter the chemical

composition and consequently the energy content of sunflower

seed meal (28). These findings suggest that the substitution of

soybean meal with rapeseed meal, cottonseed meal, and sunflower

seed meal does not significantly affect the growth performance and

apparent nutrient digestibility in growing pigs.

Proinflammatory cytokine response to immune challenge

is an important criterion for the degree of cellular immunity.

The behavioral, neuroendocrine, and metabolic effects of

three cytokines, namely tumor necrosis factor-alpha (TNF-α),

interleukin-1 (IL-1), and interleukin-6 (IL-6), are significant (29).

The excessive production of cytokines, including IL-1β, leads

to the diversion of nutrients from growth processes to support

the immune system (30). In our study, compared with the CON

group, the serum IL-6 and IL-10 concentrations were significantly

decreased in the CMM group. However, there is no significant

effect of mixed meal replacing soybean meal in the diet on the

serum IL-1β, IL-8, and TNF-α concentrations. Consistent with

previous studies, our trial also observed that the substitution of

canola meal for soybean meal did not result in significant changes

in blood levels of TNF-α in piglets (7 kg) (23). In contrast to the

aforementioned findings, results revealed that the inclusion of 8%

fermented canola meal and feed additives in the diet did not lead

to significant differences in IL-6 levels compared to the control

group. However, in the group fed with 8% fermented canola meal

but without feed additives, there was a notable increase in IL-6

levels (31). Furthermore, a previous study also demonstrated that

feeding piglets diets containing either 8% or 6% fermented canola

meal resulted in significant reductions in plasma concentrations of

IL-6 compared to the control group (32). This observation suggests

that the fermented components present in canola meal may have a

stimulating effect on the production of IL-6.

The serum IgA, IgG, and IgM are serum antibodies and

major components of humoral immunity in pigs. Measurement

of immunoglobulin levels in the blood can be used to assess the

effect of feed on the immune status of the animal. The findings of

the previous study indicate that the supplementation of fermented

rapeseed feed and other feed additives in the group (28 d) resulted

in significant increases in immunoglobulin levels in the blood

of pigs. Specifically, compared to the control group, the blood

levels of IgG, IgA, and IgM were elevated by 42.7%, 75.7%, and

44.1%, respectively (31). Moreover, the inclusion of fermented

canola meal in the diets of pigs (28 d) led to notable increases

in plasma concentrations of IgG and IgA. These results suggest
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that the incorporation of fermented rapeseed feed stimulates the

immune system and enhances the synthesis of immunoglobulins

in pigs (32). The study findings revealed that the inclusion of

rapeseed meal in the diet did not lead to significant alterations

in serum concentrations of IgA, IgG, and IgM in pigs after a 7-

day breeding period (23). The findings of our study suggest that

the substitution of soybean meal with mixed meal did not yield

statistically significant changes in the blood levels of IgA, IgG, and

IgM in finishing pigs. However, it is worth noting that this outcome

may be influenced by factors such as the dosage of mixed meal

incorporated and whether or not it underwent fermentation.

The quantification of antioxidant biomarkers serves as

an indicative measure of the porcine health status. Enhanced

antioxidant potential mitigates inflammatory processes and

augments the functionality of the immune defenses, consequently

bolstering the swine’s resilience against pathogenic challenges. Our

research indicated that the substitution of soybean meal with a

mixed meal formulation did not significantly alter the antioxidant

profiles, specifically T-AOC, CAT, and MDA, in finishing pigs. This

outcome implies that themixedmeal does not detrimentally impact

the systemic antioxidative capabilities of the finishing pigs during

their growth phase. Previous research has demonstrated that

substituting soybean meal with fermented canola meal leads to a

significant elevation in serum CAT activity and a notable reduction

in MDA levels (P < 0.05) in growing pigs (31). Additionally, there

is evidence suggesting that fermented rapeseed meal extracts are

capable of mitigating oxidative stress (33). The marked divergence

between the outcomes of these studies and our own may stem from

the fact that the mixed meal utilized in our experimental design

was not subjected to a fermentation process.

Serum biochemical parameters are generally used to reflect

the physiological and health status of animals. According to

our findings, compared with the CON group, serum LDL-C

levels were significantly lower in the CSM group and their T.

BILI levels were significantly lower in the CMM group. Low-

density lipoprotein (LDL) is a crucial blood lipid responsible

for the transportation of cholesterol and fats from the liver to

various tissues within the body (34). However, feeding diets

containing fermented rapeseed meal had no significant effect on

the concentration of LDL in the plasma of piglets (32), this

may be related to the different growth stages of pigs. Derived

from heme metabolism, bilirubin is a tetrapyrrole compound that

exhibits diverse functions, encompassing cell signaling, metabolic

regulation, and immunomodulation. These multifaceted roles of

bilirubin hold significant clinical and therapeutic implications (35).

In contrast to our experimental results, the previous findings

demonstrated a significant increase in plasma bilirubin levels

among piglets supplemented with fermented rapeseed feed and

other feed additives (31).

The preservation of an intact intestinal mucosal barrier is

essential for protecting against pathogenic bacteria (36, 37). When

the intestinal mucosal barrier is compromised, it can result

in elevated intestinal permeability. Several factors, such as D-

lactate concentration and DAO activity in serum, contribute to

the functionality of the intestinal barrier (38–40). These factors

have been identified as markers for evaluating the degree of

intestinal mucosal damage and repair (41). D-lactate, a metabolic

byproduct of intestinal bacteria, is typically absent in mammals

due to the lack of D-lactate dehydrogenase. Consequently, healthy

individuals maintain low levels of D-lactate (42). However,

when the integrity of the intestinal mucosa is compromised,

a substantial release of D-lactate into the bloodstream occurs,

indicating the status of intestinal mucosal integrity and maturity

(43). DAO, an enzyme catalyzed by deaminases, is exclusively

found in the villi of the upper small intestine. Elevated levels

of DAO serve as an indicator of increased intestinal epithelial

permeability or damage to the intestinal barrier function (44,

45). In the present study, substituting mixed meals with soybean

meal in the dietary does not have a significant effect on serum

D-lactate and DAO concentrations. The findings suggest that

the substitution of soybean meal with a mixed meal does not

compromise the integrity of the intestinal barrier. Short-chain fatty

acid was reported to enhance gut barrier function and modulate

gut immune response (46). Some experiments demonstrated an

increase in short-chain fatty acids in the colon of pigs following the

treatment of canola meal with cellulase, two pectinases, or alkaline

treatment (47, 48).

Intestinal flora and its metabolites play an important role in

animal health, and diet is one of the main factors influencing

the composition of intestinal flora. It is known from previous

studies that Firmicutes and Bacteroidetes are the two most

dominant bacterial phylum in this race of pigs (49). Notably, a

diet supplemented with 20% rapeseed meal considerably reduced

the relative abundance of the Bacteroidetes phylum while tending

to increase the relative abundance of the Firmicutes phylum

(23). Consistently, our results showed that Firmicutes is the

most dominant phylum in finishing pigs’ colon. Furthermore, the

analysis of microbial alpha diversity revealed that the utilization

of miscellaneous meals as a complete replacement for soybean

meal did not have any impact on either Chao1 or Simpson’s

index, these findings are consistent with Gu et al. (14). Other

studies also showed that a similar Shannon index, observed

OTUs, Chao1, and Phylogenetic diversity in whole trees in the

colon of growing pigs (25 ± 2 kg) using 100% replacement of

soybean meal with rapeseed meal (50). Although the increased

bacterial load from the small intestine to the large intestine

resulted in a difference in intestinal location from expected, the

diversity was similar between dietary groups at each location. It is

important to note that research has shown that feeding fermented

soybean meal to growing pigs (17.46 ± 1.97 kg) instead of

regular soybean meal greatly decreased the amount of Escherichia

coli in the colon while dramatically increasing the amount of

Lactobacillus (51). In a similar vein, it was also found that the

addition of fermented soybean meal instead of soybean meal

could significantly increase the number of lactic acid bacteria

in the feces of piglets (7 kg), while concurrently reducing the

total count of Coliforms and Clostridium perfringens (52). This

outcome is attributable to the fermentation of rapeseed meal.

However, there is currently little research on the intestinal flora

of developing pigs fed cottonseed meal and sunflower meal rather

than soybean meal, necessitating more investigation. In summary,

our experimental results showed no significant difference in

bacterial flora, which suggests that the replacement of soybean

meal with miscellaneous mixed meals (rapeseed meal, cottonseed

meal, and sunflower meal) did not affect the colonic intestinal

environment of finishing pigs.
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5 Conclusions

Collectively, this study’s findings indicate that the integration

of mixed meal (rapeseed meal, cotton meal, and sunflower meal)

as a substitute for soybean meal in the diet did not significantly

negatively impact the growth performance, nutrient apparent

digestibility, serum immunoglobulins, serum antioxidant capacity,

intestinal permeability, short-chain fatty acid content, and diversity

of gutmicrobiota in finishing pigs. Therefore, these findings suggest

that miscellaneous meals (rapeseed meal, cottonseed meal, and

sunflower seed meal) serve as a partial or complete substitute for

soybean meal in the diets of finishing pigs, potentially offering

excellent alternative protein sources.
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Modulation of Gut Microbiota, 
and Morphometry, Blood Profiles 
and performance of Broiler 
Chickens Supplemented with 
Piper aduncum, Morinda citrifolia, 
and Artocarpus altilis leaves 
Ethanolic Extracts
Daniel Marco Paredes-López 1*, R. A. Robles-Huaynate 1, 
Marilu Roxana Soto-Vásquez 2,  
Rosa Amelia Perales-Camacho 3, Siever Miguel Morales-Cauti 3, 
Xiomara Beteta-Blas 4 and Uriel Aldava-Pardave 5

1 Department of Animal Science, Universidad Nacional Agraria de la Selva, Tingo María, Peru, 2 Faculty 
of Pharmacy, Universidad Nacional de Trujillo, Trujillo, Peru, 3 Department of Animal and Public Health, 
Faculty of Veterinary Medicine, Universidad Nacional Mayor de San Marcos, Lima, Peru, 4 Posgraduate 
School, Universidad Nacional Agraria de la Selva, Tingo María, Peru, 5 Posgraduate School, Universidad 
Nacional Agraria La Molina, Lima, Peru

Bioactive plants such as P. aduncum, M. citrifolia, and A. altilis might improve 
intestinal health as an alternative to antibiotic growth promoters. The objective 
of this study was to determine the effect of the ethanolic extracts (EEs) of these 
plants on the intestinal health of broiler chickens. Cobb 500 chickens (n  =  352) 
were distributed into eight treatments with four replicates and 11 chickens each. 
T1 received a base diet, and T2 received a base diet with 0.005% zinc bacitracin. 
T3, T5, and T7 were supplemented with 0.005% of P. aduncum, M. citrifolia, and 
A. altilis EE in the diet while T4, T6, and T8 with 0.01% of the extract. The EEs 
were supplemented with drinking water from 1 to 26  days of age. The following 
parameters were evaluated: hematological profiles at 28  days of age, blood 
metabolites profiles at 14, 21, and 28  days; Escherichia coli, Staphylococcus 
aureus, and Lactobacillus sp. abundance in the ileum mucosa and content at 
21 and 28  days, and histomorphometry of the duodenum, jejunum, and ileum 
mucosa at 14, 21, and 28  d. Final weight (FW), weight gain (WG), feed intake 
(FI), and feed conversion rate (FCR) were evaluated at seven, 21, and 33  days of 
age. M. citrifolia and A. altilis EE at 0.01% increased blood glucose levels at 21 
and 28  days of age, respectively, and P. aduncum and M. citrifolia EE at 0.01% 
increased triglycerides at 28  days of age; in addition, this EE did not have any 
effect on the AST and ALT profiles. The depths of the Lieberkühn crypts and 
the villi length to the crypt’s depth ratio increased with age on supplementation 
with 0.01% M. citrifolia and A. altilis EE at 21  days of age (p  <  0.05). In addition, 
the depth of the crypts increased at 28  days of age (p  <  0.05) in chickens 
supplemented with 0.01% A. altilis EE. The 0.01% M. citrifolia EE in diet decreased 
in the Staphylococcus aureus population in the ileal microbiota (p  <  0.05). The 
FW and WG during the fattening and in the three stages overall increased, 
and the FCR decreased; however, the FI and the carcass yield did not change 
in the broiler chickens supplemented with 0.01% M. citrifolia EE (p  <  0.05). 
Conclusively, the M. citrifolia EE at 0.01% of the diet improved intestinal health 
and thus the performance indices of the broiler chickens and did not have a 

OPEN ACCESS

EDITED BY

Francesco Serrapica,  
University of Naples Federico II, Italy

REVIEWED BY

Theresia Ika Purwantiningsih,  
Gadjah Mada University, Indonesia
František Zigo,  
University of Veterinary Medicine and 
Pharmacy in Košice, Slovakia

*CORRESPONDENCE

Daniel Marco Paredes-López  
 daniel.paredes@unas.edu.pe

RECEIVED 30 August 2023
ACCEPTED 06 February 2024
PUBLISHED 06 March 2024

CITATION

Paredes-López DM, Robles-Huaynate RA, 
Soto-Vásquez MR, Perales-Camacho RA, 
Morales-Cauti SM, Beteta-Blas X and 
Aldava-Pardave U (2024) Modulation of Gut 
Microbiota, and Morphometry, Blood Profiles 
and performance of Broiler Chickens 
Supplemented with Piper aduncum, Morinda 
citrifolia, and Artocarpus altilis leaves 
Ethanolic Extracts.
Front. Vet. Sci. 11:1286152.
doi: 10.3389/fvets.2024.1286152

COPYRIGHT

© 2024 Paredes-López, Robles-Huaynate, 
Soto-Vásquez, Perales-Camacho, 
Morales-Cauti, Beteta-Blas and 
Aldava-Pardave. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE Original Research
PUBLISHED 06 March 2024
DOI 10.3389/fvets.2024.1286152

191

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2024.1286152&domain=pdf&date_stamp=2024-03-06
https://www.frontiersin.org/articles/10.3389/fvets.2024.1286152/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1286152/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1286152/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1286152/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1286152/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1286152/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1286152/full
https://orcid.org/0000-0002-0266-7138
https://orcid.org/0000-0001-8013-2481
https://orcid.org/0000-0002-1178-4678
https://orcid.org/0000-0002-3390-1388
https://orcid.org/0000-0002-5396-8889
https://orcid.org/0000-0002-0266-7138
https://orcid.org/0000-0001-8298-5445
mailto:daniel.paredes@unas.edu.pe
https://doi.org/10.3389/fvets.2024.1286152
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2024.1286152


Paredes-López et al. 10.3389/fvets.2024.1286152

Frontiers in Veterinary Science 02 frontiersin.org

detrimental effect on any of the parameters evaluated, so it is postulated as a 
potential alternative to AGP in poultry.

KEYWORDS

Piper aduncum, Artocarpus altilis, Morinda citrifolia, intestinal health, performance 
indices

Introduction

Since several years, antibiotics have been used as antimicrobial 
growth enhancers in animal feed to improve the productivity of 
various animal species and prevent the possible occurrence of diseases 
(1–5). However, the excessive use of antibiotics as growth enhancers 
in animal nutrition (6) has resulted in bacterial resistance in these 
animals (7, 8). Moreover, this has resulted in the presence of antibiotic 
residues in human food of animal origin (7, 9–12) and in the 
environment (13). Therefore, it is imperative to identify natural 
alternative products or additives that can replace antibiotics as 
preventive and growth-enhancing promoters (14–16).

Extracts or essential oils from different parts of plants, such as 
seeds, roots, and leaves, of medicinal, aromatic, flavoring, and other 
plants, are being increasingly used as phytogenic or phytobiotic 
additives, which function as growth enhancers (17–25).

The wide biodiversity of the Peruvian Amazon contains a diversity 
of native plants with nutraceutical properties, which potentially 
contain bioactive ingredients manifesting these properties. Piper 
aduncum, Morinda citrifolia, and Artocarpus altilis are found in the 
wild and domestic state in the Peruvian Amazon and scarcely used in 
traditional medicine by local populations.

However, these plants possess a variety of phytochemicals, such 
as phenolic, triterpene, flavonoid, and phenylpropanoid compounds, 
which in general possess antibacterial (26–28), antioxidant, and anti-
inflammatory properties (29–32). In our previous study, it was found 
that P. aduncum, M. citrifolia, and A. altilis leaves contained 
1,250 ± 0.06, 150.8 ± 0.06, and 224.3 ± 0.15 mg GAE/100 g of dried 
extract of polyphenols and 20.3 ± 0.10, 17.8 ± 0.10, and 30.7 ± 0.15 mg 
QE/100 g of dried extract of flavonoids, respectively. These plant 
bioactive compounds and activities might potentially improve the 
wellbeing, health, and productivity of animals. To our knowledge, this 
is the first study to demonstrate the effects of P. aduncum, M. citrifolia, 
and A. altilis EE on in vivo antimicrobial activity and 
intestinal histomorphometry.

Hence, this study aimed to determine the effects of the ethanolic 
extracts (EEs) of P. aduncum, M. citrifolia, and A. altilis leaves on the 
intestinal health of broiler chickens for improving productive 
performance indices.

Materials and methods

Leaves for ethanolic extract

The leaves of P. aduncum, M. citrifolia, and A. altilis were collected 
from fence plants, grown for edible and medicinal purpose in the 
Rupa-Rupa district of the Leoncio Prado Province in the Huánuco 

region of Peru. Harvesting was performed in the morning, and leaves 
that were neither very green nor too ripe were collected. The 
experiment involved the use of 5 kg of whole fresh leaf in well-
conserved conditions. These were dried at 60°C in a forced ventilation 
stove (Memmert, UN110 plus, Germany) for 72 h, subsequently 
ground using a 1 mm diameter sieve in a grinder (Thomas Willey, 
United States), and stored in dark using tightly sealed recipients. This 
procedure was adapted from Lal et al. (33).

To obtain the EEs of P. aduncum, M. citrifolia, and A. altilis leaves, 
50 g of leaf powder from each of the plants was collected in a cartridge 
and placed in a stove at 40°C. This was then placed in a Soxhlet 
extractor, and extraction was performed by placing 150 mL of 70% 
ethanol in an Erlenmeyer flask, where the volume was equivalent to 
three times the weight of the leaf powder. The EEs were dehydrated in 
a rotary evaporator (Heidolph, Germany) at 40°C with reduced 
pressure to eliminate all the solvent and then were completely dried. 

These dried EEs were weighted, and each 10 g was reconstituted 
with tween:water (80:20 mL) to obtain a10% solution, which was used 
to calculate the 0.005 and 0.01% EEs in the chicken diet. The EEs 
obtained from P. aduncum, M. citrifolia, and A. altilis leaves were 
stored in amber jars and subjected to preliminary phytochemical 
screening (Table 1).

Rearing the broiler chickens

This study involving animals was reviewed and approved with 
authorization No 2021-5 by the Ethics and Animal Wellbeing 
Committee from the Faculty of Veterinary Medicine, Universidad 
Nacional Mayor de San Marcos. The location of this study was at 09° 
17′ 58″ south latitude and 76° 01′ 07″ west longitude, at an altitude 
of 660 m.a.s.l., an annual pluvial precipitation of 3,293 mm, an 
average annual temperature of 24.85°C, and relative humidity of 
80% (34).

A 20 m long × 10 m width shed was used, in which 33 metal cages 
82 cm width, 1.28 cm depth and 70 cm height were installed. Each cage 
was equipped with a 100 watt light bulb, a conical feeder, a drinker, 
and a 10 cm-high wood shaving bed. The temperature and minimum 
and maximum humidity were determined using a temperature and 
humidity reader. The average temperature and relative humidity of the 
shed during the experimental rearing were 28.3°C and 82.6%, 
respectively.

A total of 352 1 day-old Cobb 500 weighing 40 ± g were reared. 
The chickens were divided into eight treatment groups, with each 
treatment having four replicates and 11 chickens each, placed in 32 
separate cages. All birds received the same handling and feeding 
conditions, comprising a base diet during the initial (1–7 days), 
growth (8–21 days), and finishing (22–33 days) stages.
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Experimental diets and feeding

The chicken diets were formulated in the Mixit-2 program, 
based on the information by Rostagno et al. (35). First, a premix of 
the micronutrients with raw insoluble fiber was prepared to efficient 
homogenization in the diet, and mixing of the components was 
performed in a horizontal mixer for 10 min (Table 2). This diet was 
fed to chickens as powder at an average daily dose per chicken of 
26.3 g, 76.85 g, and 144.43 g for the initial, growing, and fattening 
stages, respectively. The nutritional compositions of the initial, 
growth, and finishing stages (1–33 days old) were determined 
according to the requirements for each stage (19). For this purpose, 
samples of base diet and with ZB for each broiler chicken phase were 
sent to the laboratory of nutrition from the Department of Animal 
Science, Universidad Nacional Agraria de la Selva for dry matter 
(DM) and chemical analysis. To determine DM content, the samples 
were dried in an air-forced oven (Memmert, UN110 plus, Germany) 
at 105°C for 4 h. The samples were analyzed for ashes after 12 h of 
combustion in a muffle furnace at 600°C (Linn Electro Therm, 
LM-312.06, Germany); crude protein (CP) using a Kjeldahl nitrogen 
analyzer (Buchi digest automatic, K-438, and Buchi distillation unit 
K-350, Switzerland); ethereal extract using an extractor (Ankom 
XT10, United States); total fiber was determined by a semiautomatic 
fiber analyzer Ankom 200, USA. The nitrogen-free extract was 
calculated by the difference between DM and the nutrients 
determined in the proximal analysis of the diets. The chemical 
analysis of the diets is shown in Table 3.

The diet provided in this study was carefully monitored to ensure 
that aflatoxin levels were well below the established safety limits for 
animal feed. This precautionary measure was taken to safeguard the 
animals’ health and welfare. Aflatoxin contamination in animal feed 
can pose serious health risks, including impaired growth and liver 
damage (36). By maintaining feed quality within safe limits and 
adding plant products (32, 37, 38), we aimed to minimize any potential 
influence of aflatoxins on the study results.

Extract supplementation

P. aduncum, M. citrifolia, and A. altilis EE at 0.005 and 0.01% of 
the diets were calculated and supplemented with the drinking water 
daily in plastic cylindrical 2 L volume and manual handling drinkers 
from 1 to 26 days of age. The average volume of water supplied for each 
chicken was 65.75, 192.5, and 361.10 mL for the initial, growing, and 
fattening stages, respectively. The extracts from the three plants were 
formulated at a concentration of 100 mg/mL in tween:water solution. 
At this concentration, the solution was separated into aliquots at the 
beginning of the experiment, according to the calculations at 0.005 
and 0.01% of the weight of the diet obtained for each day of the 
experiment. The aliquots were frozen at −10°C to allow removal out 
of a single aliquot daily for the volume that corresponded to each day 
for the total experimental chickens. The total intake of the EE was 
4.27 g for each of the 0.005% supplement groups and 8.55 g for each of 
the 0.01% supplemented groups of chicken, for the P. aduncum, 
M. citrifolia and A. altilis EE, respectively.

Blood samples, hematology, and blood 
metabolite profiles

Blood samples were collected by puncturing the jugular vein. 
Blood samples to generate hematological profiles were obtained in 
2 mL vacutainers containing 2 mg heparin. Blood samples for 
metabolite profiles were collected in 4 mL vacutainers, which, once 
coagulated, were centrifuged at 1500 rpm for 5 min. Subsequently, the 
serum was separated into 2 mL Eppendorf tubes and stored at −10°C 
until its spectrophotometric analysis. Thirty-three chickens were 
sampled at 28 days of age for their hematological profiles and at 14, 21, 
and 28 days of age for their blood metabolite profiles.

Whole blood was used to determine the erythrocyte count, total 
and differential leukocytes, hematocrit using the microhematocrit 
method, and hemoglobin levels using the cyanmethemoglobin 

TABLE 1 Phytochemical screening of ethanolic extracts of P. aduncum, M. citrifolia, and A. altilis leaves.

Metabolite Test P. aduncum A. altilis M. citrifolia

Alkaloids Dragendorff ++ ++ −

Mayer ++ ++ −

Wagner ++ ++ −

Lactones Baljet − + −

Phenolic compounds Cloruro férrico +++ +++ −

Flavonoids Shinoda +++ ++ +

Antocianidins Antocianidina + + −

Catequins Catequinas + + −

Triterpens and Esteroids Liebermann–Burchard ++ + +

Cardenólids Kedde − − −

Quinones Bornträger + ++ +

Saponins Foam + − −

Resins Resins + − −

Reducing sugars Fehling ++ − +

Aminoácids Ninhidrina + + +
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method. Simultaneously, these data were used to obtain the indices for 
mean corpuscular volume (MCV), mean corpuscular hemoglobin 
(MCH), and mean corpuscular hemoglobin concentration 
(MCHC) (39).

Serum glucose profiles were determined by the glucose oxidase/
peroxidase method; total protein contents were determined using the 
EDTA-Cu complex in sodium hydroxide method; and albumin levels 
were determined using the bromocresol green method (40, 41). 
Similarly, the total cholesterol, alanine transaminase (ALT), and 
aspartate transaminase (AST) levels were determined using specific 
kits (Laboratorios QAC, Spain). Optical density measurements were 

performed at 515 and 530 nm using an Auto Chemistry Analyzer-AS 
830 spectrophotometers (Italy).

Intestinal content samples and 
microbiological culture

Three chickens were randomly selected from each of the eight 
treatment groups at 21 and 28 d of age and euthanized by breaking the 
atlanto-occipital joint. The ileum was immediately dissected, 
approximately 30 cm long after the Meckel’s diverticulum, toward the 

TABLE 2 Experimental diets formulated for male broiler chickens for the initial (1–7  days old), growth (8–21  days old), and fattening (22–33  days old) 
stages.

Ingredients (%) Initial Growth Fattening

T1 T2 T3–T8 T1 T2 T3–T8 T1 T2 T3–T8

Corn 52.8 51.2 53.96 51.2 51.2 51.2 53.96 53.96 53.96

Palm oil 2.62 4.46 5.5 4.46 4.46 4.46 5.5 5.5 5.5

Soybean cake (46%) 36.4 39.9 36.37 39.9 39.9 39.88 36.37 36.37 36.37

Calcium carbonate 0.89 0.79 0.75 0.79 0.79 0.79 0.75 0.75 0.75

Dicalcium phosphate 0.21 1.8 1.58 1.8 1.8 1.8 1.58 1.58 1.58

Salt 0.23 0.22 0.2 0.22 0.22 0.22 0.2 0.2 0.2

Premix Vit + Min. 0.15 0.15 0.1 0.15 0.15 0.15 0.1 0.1 0.1

Aflaban 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Coccidiostat 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Butylated 

hydroxytoluene

0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Choline chloride 0.25 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Sodium butyrate 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Sodium bicarbonate 0.46 0.45 0.44 0.45 0.45 0.45 0.44 0.44 0.44

Lysine (78.4%) 0.31 0.22 0.24 0.22 0.22 0.22 0.24 0.24 0.24

Methionine (99%) 0.25 0.23 0.2 0.23 0.23 0.23 0.22 0.22 0.22

Threonine (98%) 0.11 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09

Valine (99%) 0.09 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06

BMD (10%) 0 0.01 0 0 0.1 0 0 0.05* 0

Extruded soybean 5 0 0 0 0 0 0 0 0

Oxytetracycline (99%) 0 0 0 0 0 0 0 0 0

Total 100 100 100 100 100 100 100 100 100

T1, negative control; T2, positive control; T3–T8, supplemented with ethanolic extract up to 26 days of age.

TABLE 3 The nutritional composition of the experimental diets for male broiler chickens during the initial, growth, and fattening stages (1–33  d old).

Diet samples Treatments Dry matter 
(DM) (%)

Ash (% of 
DM)

Crude 
protein (% of 

DM)

Extracto 
etereo (% of 

DM)

Total fiber 
(% of DM)

ELN (% of 
DM)

Initial base T1, T3, T5, T6, T7, T8 90.10 7.12 23.5 5.23 2.43 52. 27

Initial with ZB T2 90.05 7.10 23,15 5.19 2.49 52.12

Growth base T1, T3, T5, T6, T7, T8 91.24 6.81 22.13 7.02 2.32 52.96

Growth with ZB T2 91.52 6.86 22.04 7.16 2.35 53.11

Fattening base T1, T3, T5, T6, T7, T8 88.72 6.12 20.34 7.92 2.40 51.91

Fattening with ZB T2 89.05 6.11 20.41 7.91 2.46 52.14
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cecum (42, 43). From the opened ileum, one gram of intestinal 
content, including scrapes of the mucosa, was obtained and placed in 
a sterile Petri dish.

Colonies of the broiler chicken microbiota, such as, Escherichia 
coli, Lactobacillus sp., and Staphylococcus sp., (42), were cultivated to 
serve as marker for evaluating the in vivo antimicrobial activity of the 
EE. Escherichia coli, Lactobacillus sp., and Staphylococcus aureus were 
cultivated on MacConkey, MRS, and salty Mannitol agar (Merck, 
Darmstadt, Germany). The plates were incubated for 24 h at 
37°C. Bacterial counts were measured as the number of colonies 
forming units (CFUs) per gram of ileum content and expressed as 
logarithm base 10 of these CFUs (42, 43).

Intestinal tissue samples and evaluation of 
intestinal morphometry

Four chickens were randomly selected from each of the eight 
treatment groups at 14, 21, and 28 days of age and euthanized by 
breaking the atlanto-occipital joint. Their digestive tracts were 
immediately dissected, and an approximately 5 cm segment was taken 
from the middle of each of the following sections: the duodenum, 
jejunum, and ileum (42, 43), which were opened lengthwise and 
transversely sectioned.

Tissues were fixed by submerging them in a 3–4-fold sterile 
physiological solution to detach the intestinal contents from the 
mucosa and later stapled to a thick cardboard base to hold the 
segments straight. The three segments from each bird were placed in 
100 mL of a 10% formaldehyde solution in physiological solution. The 
intestinal samples were processed using conventional histological 
methods and stained using hematoxylin and eosin (44).

A DM 750 optical microscope with a digital camera (ICC50) and 
a LAS 4.12 EZ software (Leica, Germany) was used. The system allows 
measurements of the distance between any pair of user-defined fixed 
points. The villus length was measured from the top to the apex of the 
Lieberkühn crypt entrance. The width of the villi was measured as a 
perpendicular line to the center of the villi. The depth of the 
Lieberkühn crypt was measured from its entrance to the base zone 
(Figure 1). The length and width of the intestinal villi and depth of the 
crypts were determined by measuring ten villi at 10×; the averages of 
every intestinal segment corresponding to each animal were obtained 
and registered in microns (μm).

Determining the productive parameters

To determine the effect of different levels of P. aduncum, 
M. citrifolia, and A. altilis EE on the productive performance of broiler 
chickens, the feed consumed and leftover daily by all experimental 
chickens were recorded during the 35 days of the experiment. The 
body weights of all experimental broiler chickens were recorded at 7, 
21, and 35 days of age. Using these data and adapting the conventional 
productive performance ratios for animal production (45), the 
following ratios were calculated:

 - Daily feed intake (DFI): feed was weighed and provided to each 
replicate; later, the leftovers were deducted and divided between 

the number of chickens and days in the stage. This was calculated 
in the following manner:

 
DFI g( ) = Total weight to feed intake

Number of days of breedinng

 - Carcass yield (CY): it was calculated using the relationship 
between the weight without disposal and the live weight in the 
lot. The following formula was used for calculations:

 
CY %( ) = ×100

Weight of the lot without disposals

Live Weight off the lot

 - Daily weight gain (DWG): chickens were weighed at 6:00 a.m. 
before the feed was provided. The calculations were performed 
using the following formula:

 
DWG g

final weight initial weight

time days
( ) = ( )

−

 - Cumulative weight gain (CWG): it was calculated as the 
relationship between the final weight minus the initial weight of 
the lot and the number of finished birds in the lot. The 
calculations were performed as follows:

 
CWG g

final lot weight initial lot weight

number of finished b
( ) = −

iirds in the lot

 - Feed conversion rate (FCR): it was calculated using the 
relationship between total feed consumption and weight gain. 
The following formula was used to calculate this:

 
FCR

Total feed consumption

Total weight gain
=

FIGURE 1

Villous height (VH), villous width (VW), and crypt depth (CD) 
determination in the jejunum of broiler chicken at 1 Ox. VH, black 
arrow; VW, red arrow; CD, blue arrow (hematoxylin and eosin staining).
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Statistical analyses

To evaluate the effect of the EE supplementation on the variables 
under study in relation to the chicken age, the data on blood metabolite 
profiles, development of the villi, and Lieberkühn crypts in the intestinal 
segments were processed by means of a general factorial design with 
three ages of chickens, six EE levels +2 controls, and for bacterial count, 
two ages of chickens. The guidance for statistics analysis was taken from 
Bashir, et al., (46) and Pollesel et al., (47). Data of hematology and 
performance indices were submitted to a completely randomized design 
with eight treatments, four replicates with eight chickens each. Data for 
the length and width of the villi, depth of the crypts, bacterial count, and 
some data of hematology and performance indices were firstly 
transformed using the square root, Box-Cox, or base 10 logarithms and 
then tested for normality and homoscedasticity with the Shapiro–Wilk 
and Levene test, respectively. One-way analysis of variance (ANOVA) 
was used to test the effect of EEs on the hematological and performance 
parameters, and two-way ANOVA procedure was employed to test the 
effect of EEs on metabolites profiles, bacterial count, and intestinal 
histomorphometry. Significant differences were declared for p ≤ 0.05. 
The Student–Newman–Keuls (SNK) multiple comparison test was used 
for comparison between treatments and ages. The Infostat statistical 
software was used for data processing (48).

Results

Hematological and blood metabolites 
profiles

The erythrocyte, hematocrit, and hemoglobin profiles; MCV, 
MCH, and MCHC indices; and total leukocyte, lymphocyte, and 

granulocyte counts of the broiler chickens are shown in Table 4. The 
granulocyte counts in chickens supplemented with 0.01% A. altilis EE 
increased in relation to supplementation with the same concentration 
of P. aduncum EE (p < 0.05). However, this and the other hematological 
profiles of the chickens supplemented with A. altilis EE were similar 
(p > 0.05) to those obtained from the chickens in the control groups, 
and those supplemented with 0.005 and 0.01% P. aduncum and 
M. citrifolia EE.

The levels of glucose, triglycerides, AST, ALT, total protein, 
albumin, and globulin profiles, which are important markers for 
animal physiology, were evaluated. Table  5 presents these blood 
metabolites on supplementation with P. aduncum, M. citrifolia, and 
A. altilis EE.

M. citrifolia and A. altilis EE at 0.01% increased blood glucose 
levels at 21 and 28 days of age, respectively, compared with the levels 
obtained at 14 days of age (p < 0.05) (Tables 5, 6). Similar results were 
observed for increased triglyceride levels using P. aduncum and 
M. citrifolia EE at 0.01%, for which the triglycerides increased at 
28 days of age, compared with those obtained at 14 days of age 
(p < 0.05) (Tables 5, 7).

Intestinal microbiology

The microbiological population obtained from the content and 
mucosa of the ileum from broiler chickens at 21 and 28 days of age as 
log10CFU/g of fresh intestinal content is shown in Table  8. The 
abundance of Staphylococcus aureus as (log10CFU) in the ileum of the 
broiler chickens decreased on dietary supplementation with 0.01% 
M. citrifolia EE (p < 0.05), in comparison with the abundance in 
negative control group and on supplementation with 0.005% 
P. aduncum and A. altilis EE. However, there was no effect of the EE 

TABLE 4 Variance analysis of erythrocyte and leukocyte profiles of broiler chickens supplemented with P aduncum, M. citrifolia, and A. altilis EE at 
0.005 and 0.01% of the diet.

Treatments EE 
level (%)

Hematological profiles

HTO 
(%)

HB 
(mgdL−1)

ERY 
(x106 
μL−1)

MCV 
(fL)

MCH 
(pg)

MCHC 
(gdL−1)

*LINF 
(%)

LEU 
(×10−3  μL−1)

**GRA 
(%)

Control
− 30.75 10.15 3.48 88.47 29.20 33.01 62.75 19.67 37.25ab

+ 29.25 9.65 3.33 87.91 29.00 32.99 67.25 17.32 32.75ab

P. aduncum
0.005 28.25 9.33 3.23 87.53 28.90 33.02 64.50 9.95 35.50ab

0.01 27.00 8.88 3.10 87.05 28.62 32.87 67.75 13.23 29.75b

M. citrifolia
0.005 27.00 8.83 3.10 87.02 28.47 32.71 69.50 14.53 30.75ab

0.01 29.50 9.60 3.33 87.97 28.78 32.71 61.25 14.40 37.25ab

A. altilis
0.005 28.50 9.40 3.25 87.64 28.90 32.98 63.00 12.72 34.50ab

0.01 29.50 9.75 3.35 88.06 29.10 33.05 59.00 19.68 41.00a

Variance analysis

p-value 0.2394 0.2181 0.2470 0.2321 0.1158 0.3303 0.1722 0.1470 0.0374

CV (%) 7.56 7.67 6.63 0.94 1.24 0.76 8.66 34.40 0.02

Aj. R2 (%) 8.84 9.99 8.38 9.30 16.70 4.80 12.60 14.30 26.70

*Different letters denote significant differences, NSK test (p < 0.05). The residuals did not meet the assumptions of normality and homoscedasticity; **the Box-Cox transformation with 
lambda = −2 was done. Different letters indicate significant differences (p < 0.05).
HTO, hematocrit; HB, hemoglobin; ERY, erythrocytes; MCV, mean cell volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; LINF, 
lymphocytes; LEU, leucocytes; GRA, granulocytes.
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TABLE 5 Variance analysis of blood metabolites profiles of broiler chickens supplemented with P. aduncum, M. citrifolia, and A. altilis EE.

Treatments EE level 
(%)

GLUC 
(mmol/L)

TRIG 
(mg/dL)*

AST (UI/L)** ALT (UI/L) TP (g/
dL)

ALB (g/
dL)**

GLOB (g/
dL)

Control
− 233.67 61.68a 210.45 17.5 2.33 1.33 0.98

+ 213.58 49.58ab 210.86 18.00 2.19 1.26 0.94

P. aduncum
0.005 219.17 40.57b 220.31 18.75 2.32 1.33 0.98

0.01 224.67 45.37ab 207.26 17.67 2.24 1.31 0.92

M. citrifolia
0.005 222.50 46.52ab 202.16 17.5 2.30 1.35 0.96

0.01 234.50 45.83ab 213.94 18.08 2.36 1.35 1.00

A. altilis
0.005 216.58 45.96ab 191.25 18.42 2.32 1.40 0.91

0.01 222.58 41.45b 220.85 17.75 2.22 1.33 0.88

Ages (Days)

14 days 196.72b 38.60c 187.36b 11.00b 1.96b 1.23b 0.73b

21 days 239.88a 46.33b 215.58a 21.16a 2.41a 1.36a 1.04a

28 days 233.63a 57.59a 227.43a 21.72a 2.48a 1.42a 1.06a

p-value

Treatment (T) 0.4884 0.0001 0.256 0.9744 0.44 0.7 0.727

Age (A) 0.0001 0.0325 0.0001 0,0001 0,0001 0,0001 0.0001

1T × A 0.0053 0.0142 0.456 0.0779 0.174 0.103 0.505

2VC. (%) 12.03 3.23 2.66 17.7 8.96 42.91 18.23

R2 99.8 52.39 43.31 78.03 67.43 41.33 55.44

Adjusted R2 41.42 37.18 25.21 71.01 57.03 22.58 41.21

Different letters denote significant differences (p < 0.05).
GLU, glucose; TRIG, triglycerides; AST, aspartate transaminase; ALT, alanine; transaminase; TP, total protein; ALB, albumin; GLOB, globulin; transformation Box-Cox with lambda = −0.3838 
for TRIG (*), logarithm base 10 for TGO (**) and ALB (**).

TABLE 6 Variation of glucose levels with chicken age on supplementation with P. aduncum, M. citrifolia, and A. altilis EE.

Treatments EE levels (%) 14  days 21  days 28  days

Control − 241.75a 243.75 216.50

+ 172.75b 234.00 234.00

P. aduncum 0.005 191.50 234.00 232.00

0.01 188.25 258.00 227.75

M. citrifolia 0.005 200.50 249.25 217.75

0.01 199.25B 270.00aA 234.25

A. altilis 0.005 200.75 198,50b 250.50

0.01 179.00B 232.5 256.25A

Different letters denote significant differences (p < 0.05). Lowercase letters between the treatments within each age (column). Uppercase letters between the ages within each treatment (row).

TABLE 7 Variation of triglyceride profiles with chicken age on supplementation with P. aduncum, M. citrifolia, and A. altilis EE.

Treatment EE levels (%) 14  days 21  days 28  days

Control − 45.25 64.32 83.61

+ 50.84 39.82 61.29

P. aduncum 0.005 30.92 42.59 52.06

0.01 29.28B 51.25 66.68A

M. citrifolia 0.005 40.96 38.98 64.94

0.01 31.70B 46.11 69.93A

A. altilis 0.005 45.34 50.98 42.14

0.01 42.59 42.95 38.97

Different letters denote statistical differences (p < 0.05): lowercase letters between the treatments within the same age (column), and uppercase letters between the ages within each treatment 
(row).
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from these three plants on the populations (log10CFU) of E. coli 
and Lactobacillus sp. in the ileum of broiler chickens (p > 0.05) 
compared with that obtained from the chickens in the control group 
(Table 8).

Intestinal morphometry

The length and width of the intestinal villi, the depth of the 
Lieberkühn glands, and villi length to Lieberkühn crypt depth ratio 
were evaluated for duodenal, jejunal, and ileal segments. These 
structures are important markers of the pathophysiological anatomy 
of the small intestine in different animal species. Table 9 presents the 
results from measuring these structures in broiler chickens on 
supplementation with 0.005 and 0.01% P. aduncum, M. citrifolia, and 
A. altilis EE in drinking water.

In this study, the Lieberkühn crypt depth increased with age in 
chickens on supplementation with M. citrifolia and P. aduncum EE at 
0.01%, compared with those in the negative and positive control of 
21 days-olds (p < 0.05) (Tables 9, 10). In addition, chickens 
supplemented with 0.01% A. altilis EE showed a crypt depth increase 
compared with that obtained in the positive control at 28 days of age 
(p < 0.05) (Tables 9, 10).

Additionally, in all studied supplementations, crypt depth was 
influenced by chicken age at the two evaluated EE concentrations 
(p < 0.05); however, in the negative control group, it was not dependent 
on the chicken age (p > 0.05) (Figure  2A). Moreover, villus width 
increased in the group of chickens supplemented with 0.005% A. altilis 
EE, compared with that in the positive control group, and in those 
supplemented with 0.01% P. aduncum EE at 21 d of age (p < 0.05) 
(Tables 9, 11). However, the villus width increased in a quadratic trend 

with chicken age on supplementation with 0.01% P. aduncum EE and 
decreased in a quadratic trend with age in the negative control group 
(p < 0.05) (Figure 2C).

Furthermore, the villus length and the Lieberkühn crypt depth 
ratio for the chickens supplemented with 0.01% M. citrifolia EE and 
the positive control increased at 21 days of age, in comparison with 
those obtained at 14 days of age (p < 0.05). These parameters were 
similar to the two groups (p > 0.05), and greater than those obtained 
for chickens supplemented with P. aduncum and A. altilis EE, and for 
the chickens from the negative control group (p < 0.05) (Tables 9, 12). 
However, the villus length and Lieberkühn crypt depth ratio was 
independent of chicken age on supplementation with M. citrifolia, 
P. aduncum, and A. altilis EE (p > 0.05) (Figure 2B).

Additionally, this interaction increased the length of the villi for 
the chickens at 21 days of age, compared with those at 14 days of age 
(p < 0.05), but this pattern was similar to that obtained for the villi of 
chickens from the negative control group (p > 0.05) (Table 9).

Productive indices

The total weight, weight gain, feed conversion rate, and feed intake 
of the broiler chickens were evaluated at each of the following stages: 
initial, growth, and fattening, as well as the three stages overall as the 
main indices to evaluate the productive performance of the animals 
(45). Tables 13, 14 present the results of these indices for broiler 
chickens supplemented with P. aduncum, M. citrifolia, and A. altilis EE 
at 0.005 and 0.01% of the diet.

The final weight for the fattening stage, the weight gain for this 
stage, and the three stages overall, respectively, were greater among 
chickens supplemented with 0.01% M. citrifolia EE than those in the 

TABLE 8 Bacterial abundance in ileal mucosa of broiler chickens supplemented with P. aduncum, M. citrifolia, and A. altilis EE.

Treatments EE level (%) Staphylococcus sp. (Log10 
CFU/mL)

E. coli (Log10 
CFU/mL)

Lactobacillus sp. (Log10 
CFU/mL)

Control
Control + 5.77ab 4.42 6.72

Control − 6.64a 5.49 6.46

P. aduncum
0.005 6.67a 5.63 7.53

0.01 6.14ab 5.34 6.81

M. citrifolia
0.005 6.07ab 6.45 6.73

0.01 4.46b 5.11 6.69

A. altilis
0.005 6.68a 6.09 6.63

0.01 5.97ab 5.11 6.78

Age

21 days 6.11 6.17 A 6.72

28 days 5.99 4.74 B 6.86

p-value: Treatment (T) 0.0376 0.2692 0.2767

Age (A) 0.7199 0.0007 0.4744

T*A 0.4851 0.5591 0.3689

CV (%) 18.79 24.35 9.94

R2 42.96 47.7 35.51

Adjusted R2 16.23 23.18 5.28

Different letters between rows denote significant differences for the SNK test at 5%. The base 10 logarithmic transformation is used for the three variables.
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positive control, negative control, and those supplemented 
with P. aduncum and A. altilis EE at 0.005 and 0.01% of the diet 
(p < 0.05).

In accordance with these indices, the FCR was lower in the 
fattening phase and for the three stages overall in chickens 
supplemented with 0.01% M. citrifolia EE than those in the positive 

TABLE 9 Variance analysis and morphometry of the mucosa from the duodenum, jejunum, and ileum of broiler chickens supplemented with M. 
citrifolia, P. aduncum, and A. altilis EE.

Factors ***Villi length (VL) (μm) **Crypt depth (CD) (μm) *Villi width (VW) (μm) ****VL/CD

Age (A) 0.0000 0.0000 0.0337 0.0001

Treatment (T) 0.1304 0.0164 0.0394 0.0017

Segment (S) 0.0000 0.0000 0.0095 0.0001

A*T 0.0021 0.0000 0.0313 0.0001

E*S 0.0000 0.0280 0.2611 0.0012

T*S 0.6906 0.8131 0.8659 0.3811

E*T*S 0.1650 0.9276 0.8404 0.0604

VC (%) 6.95 2.83 0.11 12.20

Adjusted R2 (%) 87.18 35.60 6.71 83.14

Treatments

Control − 1080.36 194.98 122.77 5.48b

+ 1157.00 187.14b 121.34 6.12a

P. aduncum 0.005 1079.59 192.87 125.42 5.53b

0.01 1115.79 196.55 120.45b 5.65b

M. citrifolia 0.005 1157.32 203.60 123.99 5.59b

0.01 1147.14 213.05a 121.70 5.33b

A. altilis 0.005 1090.34 201.75 129.23a 5.35b

0.01 1111.28 202.56 123.42 5.44b

Age

14 days 1009.23c 186.16b 121.47b 5.36b

21 days 1201.73a 223.64a 123.37ab 5.35b

28 days 1144.92b 189.08b 125.66a 5.98a

Segment

Duodenum 1684.00a 209.14a 125.94a 8.07a

Jejunum 1049.65b 203.07a 121.03b 5.16b

Ileum 720.17c 185.36b 123.56ab 3.87c

Different letters denote significant differences for the SNK test (p < 0.05). The Box-Cox transformation was done with lambda = 2 (*), base 10 logarithm (**), square root (***), and 
lambda = 0.4646465.

TABLE 10 Variation of Lieberkühn crypts depth with broiler chickens age on supplementation with M. citrifolia, P. aduncum, and A. altilis EE.

Treatment Extract dose Chicken age (Days)

14 21 28

Control
− 192.12A 194.45bA 198.43A

+ 197.31A 199.28bA 166.69bA

P. aduncum
0.05 177.18B 237.67A 170.38B

0.01 178.81B 247.43aA 171.63B

M. citrifolia
0.05 188.09A 229.13A 195.82A

0.01 196.53B 244.36aA 201.38B

A. altilis
0.05 179.48B 223.56A 204.65

0.01 181.00A 219.37A 209.32aA

Different letters denote significant differences, SNK test (p < 0.05). Lowercase letters denote significance between treatments within each age (column). Uppercase letters denote significance 
between each treatment (row).
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and negative control, and those supplemented with P. aduncum and 
A. altilis EE at 0.005 and 0.01% of their diet (p < 0.05) (Tables 13, 14).

Discussion

The objective of this study was to determine the effect of the 
ethanolic extracts (EE) of P. aduncum, M. citrifolia, and A. altilis on 
the intestinal health of broiler chickens. Previous studies have shown 
that Piper aduncum, Morinda citrifolia, and Artocarpus altilis possess 
a variety of phytochemicals, such as phenolic, triterpene, flavonoid, 
and phenylpropanoid compounds, which in general possess 

antibacterial (26–28), antioxidant, and anti-inflammatory properties 
(29–32). These properties of the three studied plants mainly those of 
M. citrifolia, might have increased glucose and triglycerides in blood 
of broiler chickens, decreased the staphylococcus abundance in the 
broiler’s microbiota, and increased crypt depth, villus width, and villi 
length to crypt depth ratio in the intestinal mucosa structure of broiler 
chickens in the present study.

Hematology and metabolites profiles

Few studies have been published on the effects of extracts or 
essential oils from P. aduncum, M. citrifolia, and A. altilis on the 
hematological profiles of birds. The results obtained in the present 
study were like those reported in previous studies on birds (49), rats, 
and mice (Schuktz et al., 2017); (50–53), where similar hematological 
profiles were obtained on increase in the levels of P. glabratum, 
P. aduncum, M. citrifolia, and A. altilis extracts. However, few previous 
studies evaluating leaf powders of plants, such as Moringa oleifera and 
Azadirachta indica, demonstrated an increase in the hematological 
profiles of the broiler chickens (46, 54). The difference between the 
results obtained in the present study, and these previous results can 
be explained by the high protein and amino acid contents and the 
diverse nutritional components of Moringa oleifera, which may have 
contributed to the modulation of hematological responses in the birds 
(46, 55).

Few previous studies have been published on the effects of extracts 
or chemical fractions of P. aduncum, M. citrifolia, and A. altilis on 
blood metabolite profile. To our knowledge, triglyceride, AST, ALT, 
PT, albumin, and globulin in chickens supplemented with A. altilis EE 
have not been previously reported. Glucose is the primary form of 
energy obtained from different sources of carbohydrates in animals, 
mainly in birds (56). However, blood glucose levels in birds are 1.5 to 
2 times greater than those in mammals (57, 58).

In contrast to mammals, the levels of insulin circulating in adult 
birds are approximately one-tenth of the levels found in rats (59). In 
the present study, the increase in glucose levels with age observed on 
supplementation with 0.01% M. citrifolia and A. altilis EE in 21 and 
28 days of age, respectively, when compared with the negative and 
positive controls (Table 7), could be associated with antimicrobial 
effects; increased villi length and width and increased Lieberkühn 
crypt depth in the broiler chickens obtained in the present study.

In previous studies performed in rats treated with a fraction of 
A. altilis ethyl acetate and in others fed fruit-based diets of A. altilis, 
the blood glucose levels were reduced (50, 60), whereas these levels 
are similar in mice and rats treated with extracts from M. citrifolia 
fruit (51, 52).

Triglycerides are lipids synthesized by the hepatic tissue and are 
present at the highest quantities in vertebrates, including birds, and 
their main role is to serve as an energy reserve (58). The increase in 
triglyceride levels on supplementation with 0.01% M. citrifolia and 
P. aduncum EE in 28 days-old chickens (Table 8) might be associated 
with an increase in blood glucose level and an improved performance 
of the hepatic tissue as a result of the antioxidant and hepatoprotective 
effects of EE of these plants, particularly M. citrifolia (32, 61), which 
would allow for improved synthesis physiology in this organ.

Nonetheless, in previous studies in rats, triglyceride levels were 
unaffected after treatment with P. aduncum essential oil, like the 

FIGURE 2

Regression analysis from the effect of the broiler chicken age on the 
crypt depth (A), villi width (C), and villi length to Lieberkühn crypt 
depth ratio (B) on supplementation 0.005 and 0.01% P. aduncum, M. 
citrifolia, and A. altilis EE. *value of p <0.05, **value of p <0.01, and 
***value of p <0.001. (A) Data were transformed with logarithm base 
10, (B) with Box-Cox  =  46/99, and (C) with Box-Cox  =  2. VL, villi 
length.
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TABLE 11 Variation of villi width with broiler chickens age on supplementation with M. citrifolia, P. aduncum, and A. altilis EE.

Treatment Extract level Chickens age (Days)

14 21 28

Control
− 117.85 128.52 122.66

+ 121.43 118.38b 124.44

P. aduncum
0.05 123.89 122.28 130.55

0.01 117.71 116.00b 128.81

M. citrifolia
0.05 120.43 124.43 127.42

0.01 122.35 123.78 119.12

A. altilis
0.05 124.34 137.18a 127.19

0.01 124.41 119.89 126.22

Different letters denote significant differences SNK (p < 0.05). Lowercase letters denote significance between treatments within each age (column). Uppercase letters denote significance 
between ages within the same treatment (row).

TABLE 12 Variation of villi length to Lieberkühn crypt depth ratio (VL/LCD) with broiler chicken age on supplementation with M. citrifolia, P. aduncum, 
and A. altilis EE.

Treatment EE level (%) 14  Days 21  Days 28  Days

Control
− 5.52 5.66 5.26b

+ 5.13B 6.27a 7.06aA

P. aduncum
0.005 5.56 5.18 5.85b

0.01 5.41 5.20B 6.38A

M. citrifolia
0.005 5.82 4.94b 6.05b

0.01 4.72B 5.16 6.17A

A. altilis
0.005 5.26 5.21 5.59b

0.01 5.49 5.25 5.57b

Different letters denote significant differences, SNK test (p < 0.05). Lowercase letters compare the LV/PC between the treatments within the same age (column). Uppercase letters compare the 
LV/PC between the ages within the same treatment (row).

TABLE 13 The variance analysis of the performance indices for broiler chickens supplemented with M. citrifolia, P. aduncum, and A. altilis leaves EE.

Performance indices Broiler stage p-value VC (%) Adjusted. R2 (%)

Weight Gain (gr/chicken)

Starting 0.0044 7.06 41.1

Growth 0.0365 5.51 26.85

Fattening 0.0078 7.94 37.62

Total 0.0022 5.05 44.88

Feed Conversion

Starting* 0.0001 9.85 60.64

Growth+ 0.1516 8.00 13.99

Fattening 0.0333 10.04 27.57

Total 0.0302 7.85 28.31

Feed Consumption (gr/day/chicken)

Starting 0.0001 4.26 78.63

Growth 0.0921 7.76 18.94

Fattening* 0.4264 0.01 1.03

Total* 0.4264 0.01 1.03

Final Weight (gr/chicken)

Starting 0.0005 5.68 51.9

Growth 0.0056 4.89 39.62

Fattening 0.0017 4.95 46.17

Carcass
Weight 0.0073 7.11 38.06

Yield 0.7545 1.66 0.00

** and * Data were transformed with the base 10 logarithm and Box-Cox λ = −2, respectively.
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results obtained for glucose, AST, and ALT levels (53, 62). A similar 
study has shown that the use of M. citrifolia fruit extract at different 
doses does not alter the triglyceride, AST, or ALT levels in 
chickens (63).

Antimicrobial activity

Gut microbiota in poultry comes from exogenous microorganisms 
immediately after hatching, and thereafter, it shelters a microbial 
community, primarily anaerobic bacteria, which reaches a relatively 
stable dynamic state as the host grows (64). Most of the microbes in 
the intestinal microbiota of poultry in cultivation-based studies have 
been identified as Gram-positive rods and cocci (86%), followed by 
Gram-negative rods (14%) (65, 66). More recent studies using 16S 
rRNA methodology reveal that in the chicken intestinal microbiota 
predominate the phyla: Firmicutes (50%), Cyanobacteria (26%), and 
Proteobacteria (17%) (66, 67); in the chicken, ileal microbiota 
predominate Firmicutes (64.15%), Bacteroidetes (22.15%), and 
Proteobacteria (4.26%) (68); moreover, the predominance of one 
phylum of bacteria between other factors is associated with gender 
and breed of chickens (69).

As the gut microbiota is the microbial community, including 
commensal, symbiotic, and potential pathogenic microorganisms, 
which usually colonize the gut of animal organisms, the different 
kinds of additives including plant essential oils and extracts that 
regulate the intestinal microbiota directly regulate all these 
microorganisms (70). In addition, the regulated commensal and 
symbiotic intestinal microbiota compete with the colonizing potential 

pathogenic bacteria and can reduce the adhesion and colonization of 
pathogens in the intestine of chickens (64, 71), and by these 
mechanisms, the EEs might regulate the chicken microbiota and 
improve the intestinal health.

The antimicrobial activity of an extract or essential oil is 
influenced by its chemical structure, the presence of different 
functional groups, concentration, and possible synergistic or 
antagonistic effects between the components of the extract or oil (24, 
72). Antimicrobial activity of the extracts or essential oils from plants 
is primarily attributed to phenols, and the phenol concentration in a 
plant determines its antimicrobial potential (18, 73, 74). In the 
previous phase of this study, polyphenols between 150.8 and 
1250.4 mg/100 g and flavonoids between 1.8 and 30.7 mg/100g were 
determined for the P. aduncum, M. citrifolia, and A. altilis leaf-
dried EE.

The decrease in the Gram-positive population (log10CFU), such 
as Staphylococcus. aureus, in the intestinal content of the broiler 
chickens on dietary supplementation of 0.01% M. citrifolia EE 
concurred with the minimum inhibitory concentration (MIC) in our 
previous research, wherein 3.12 mg/mL of M. citrifolia EE inhibited 
the in vitro growth of Staphylococcus aureus ATCC 25923.

This effect of M. citrifolia EE in the intestines of chickens could 
have strengthened the mechanisms that the animals possess to limit 
microbial colonization in the intestinal crypts and glands (75), thus 
promoting an increase in the depth of the crypts and villi length to 
Lieberkühn crypt depth ratio obtained for the chickens in the 
present study.

These results highlight the antimicrobial activity of M. citrifolia EE 
against the intestinal microbiota of chickens, as previous studies have 

TABLE 14 The performance indices of broiler chickens supplemented with 0.005 and 0.01% EE of M. citrifolia, P. aduncum, and A. altilis in the diet.

Productive 
indices

Rearing 
stages

Treatments

Control P. aduncum M. citrifolia A. altilis

− + 0.005 0.01 0.005 0.01 0.005 0.01

Weight gain (WG) 

(gr/chicken)

Starting 129.66b 133.73b 129.27b 135.80b 153.27a 149.64 130.57b 128.30b

Growth 699.79b 726.71 697.28b 729.94 797.83a 752.20 713.62 722.23

Fattening 1117.14ab 1041.32b 1115.97ab 1061.62b 1112.18ab 1245.24a 962.27b 1041.03b

Total 1946.59bc 1901.76bc 1942.52 1927.35bc 2063.28 2147.08a 1806.46c 1891.55bc

Feed conversion 

rate (FCR)

Starting* 1.46b 1.46 b 1.51b 1.46 b 1.37 b 1.41b 1.48 b 1.93a

Growtha 1.61 1.47 1.54 1.49 1.44 1.54 1.52 1.48

Fattening* 2.05a 2.20a 1.98a 2.10a 2.03a 1.78b 2.22a 2.17a

Total* 1.87a 1.90a 1.79 1.83 1.76 1.67b 1.89a 1.88a

Feed intake (FI) 

(gr/day/chicken)

Starting 27.15c 27.97 27.80 28.30 29.98b 30.13b 27.68 35.65a

Growth+ 80.13 76.14c 76.42c 76.75bc 82.40ab 82.93a 78.54c 75.60c

Fatteninga 190.93 190.93 184.39 188.24 188.64 184.48 181.01 190.69

Totala 109.38 107.56 105.5 107.38 109.78 108.6 104.52 108.99

Final Weight (FW) 

(gr/chicken)

Starting 169.11b 171.91b 167.61b 175.43b 196.98a 193.61a 168.73b 167.16b

Growth 868.91b 898.62b 864.89b 905.38b 994.81a 945.82ab 882.35b 889.39b

Fattening 1986.05bc 1939.94bc 1980.86bc 1966.99bc 2106.99ab 2191.06a 1844.62c 1930.42bc

Carcass yield (CY)
Weight 1631.67bc 1626.25bc 1689.25abc 1641.50bc 1874.00a 1861a 1526.50c 1797.75ab

Yield 78.73 79.86 79.11 80.02 80.22 79.21 79.36 79.72

abcd: different letters denote significant differences between treatments, SNK test (p < 0.05). +, Kruskal–Wallis ANOVA was applied, and medians are presented; *, Box-Cox with lambda −2 
transformation; a, no parametric tests were applied without ANOVA F modification.
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revealed that the microbiota is primarily composed of Gram-positive 
organisms (66). These results were supported by those obtained in 
previous studies, where it has been shown that phytochemical 
compounds in general have greater antimicrobial activity against 
Gram-positive bacteria since their antimicrobial mechanisms are 
linked to the hydrophobicity of the molecules, which enter into the 
single membrane covering, thus disrupting permeability and 
homeostasis, resulting in a consequent loss of the cellular components 
and eventual cell death (72, 76, 77).

In contrast, Gram-negative bacteria are more tolerant than Gram-
positive bacteria to the action of phytochemical compounds because 
they possess an additional external membrane, which is almost 
impermeable to the hydrophobic molecules of phytocompounds (78, 
79). This could explain the similar results obtained for E. coli and 
Lactobacillus sp. populations in the present study and supports the 
MIC results of our previous research using the EE from these three 
plants wherein the growth of E. coli ATCC 25922 and Bacillus subtilis 
ATCC 6633 strains were not inhibited.

In contrast, the reduction of E.coli population in the intestinal 
content of chickens has also been observed previously using essential 
oils from other plants or phytogenic additives (42, 43, 80–82). 
Moreover, previous research related to antimicrobial activity using 
extracts or essential oils from the three plants used in the present 
study is limited.

Intestinal morphometry

The cells that cover the surface of the depths of the Lieberkühn 
crypts are pluripotent mother cells that differentiate into goblet cells, 
Paneth cells, enteroendocrine cells, and enterocytes, which migrate 
and mature to repair and replace those desquamated from the villi 
(83–85).

The development of these mechanisms of formation and function 
in the mucosa of the duodenum, jejunum, and ileum is one of the 
cornerstones of intestinal health, which can improve as the crypts 
increase in depth (86, 87). This increase was observed with age in the 
present study on supplementation with 0.01% M. citrifolia EE in 
21 days of age chickens, where the intestinal crypts had the greatest 
depth, when compared with the results obtained for chickens from the 
positive and negative control groups (p < 0.05).

Similarly, the depth of the crypts increased with age on 
supplementation with 0.01% P. aduncum and the M. citrifolia in 21 
and 28 days of age, respectively, compared with those of the positive 
control (p < 0.05). Previous studies using extracts from other plants 
have proven that the length of the intestinal villi increases because of 
plant extracts or essential oils (15, 16, 88–90), facilitating the 
mechanisms of nutrient absorption. This is similar to the active 
mechanisms of antibiotics as growth promoters, which also promote 
an increase in the length of the intestinal villi (5).

Notwithstanding, the increase with age in the depth of the crypts, 
the width of the villi, and the villi length to crypt depth ratio obtained 
in the present study on supplementation with 0.01% M. citrifolia and 
P. aduncum EE are consistent with previous research (86, 87, 91, 92). 
Increase in these mucosal structures increases nutrient absorption and 
enzyme production due to a more dynamic replacement mechanism 
for the enterocytes in the villi. This increase also promotes mechanisms 
that increases the population of goblet cells, which secrete mucus; 

Paneth cells present in birds (93), which secrete antimicrobial 
products such as lysozymes; and enteroendocrine cells which secrete 
local hormones (75, 94) in a balanced manner.

The integration of these mechanisms would result in a more 
integral strengthening of the mucosa epithelium functioning in the 
small intestine, with only the absorption produced by the increase in 
the length of the villi, as they are for secretion and barrier, which 
depend critically on the rapid renovation of epithelial cells, 
maintaining a balance between proliferation and cellular 
differentiation to support these functions of the small intestine (95, 
96). Furthermore, the development of these mechanisms in the 
intestinal mucosa because of the leaves of M. citrifolia might 
be associated with the integration of antimicrobial (26, 27, 97) and 
antioxidant activities of this plant (29–31).

M. citrifolia fruit juice possesses 2.8 times the antioxidant activity 
of vitamin C, diminishing the blood levels of malondialdehyde and 
increasing those of superoxide dismutase, which are markers of the 
cells’ antioxidant defense system (29–32). The endogenous 
mechanisms of antioxidant activity, such as uric acid production in 
birds, and the species’ low production of reactive oxygen, superoxide, 
and hydrogen peroxide further supplement the antioxidant 
mechanisms (57, 98). Birds exhibit high levels of superoxide 
dismutase, superoxide isolators, as well as catalase and glutathione 
peroxidase (99).

These mechanisms would promote the multiplication and growth 
of crypts, which originate from pluripotent cells of different cellular 
groups on the intestinal mucosa. To our knowledge, this is the first 
study to demonstrate the effects of P. aduncum, M. citrifolia, and 
A. altilis EE on intestinal morphometry.

Productive performance

The results of the present study were similar to those obtained in 
previous studies, wherein the productive indices of cattle, tilapia, and 
guinea pigs improved on using pulp and fruit extracts from M. citrifolia 
(100–102). Studies have been performed in chickens, where extracts from 
different plants, such as Indian frankincense, caraway (Carum carvi L.), 
cloves (Syzygium aromaticum), holy basil (Ocimum sanctum), and licorice 
have shown improved productive indices (15, 16, 88–90). Nonetheless, 
the results from the present study also contrast with those of previous 
studies, in which the productive performance indices of chickens did not 
vary on using of M. citrifolia leaf powder or different fruit extract 
concentrations (33, 63). On the other hand, this EE did not influence the 
daily feed consumption and carcass yield (p > 0.05), which are in line with 
previous studies where have been shown that the inclusion of plant 
extracts or essential oils as feed additives may positively or negatively 
influence the organoleptic characteristics of the diet such as aroma and 
taste (103, 104). Feed palatability is a critical factor influencing feed intake 
and, subsequently, animal performance. It can significantly affect the 
acceptance and consumption of specific feed components (90, 105). 
However, most studies have shown no significant change in feed intake 
caused by aromatic plants, plant extracts or EO additives, although 
growth was often enhanced and the feed conversion rate improved in 
healthy chickens (18). Those findings are in line with the findings 
obtained in the present study, where the EE did not influence the feed 
intake in the growing, fattening and on the three stages overall in the 
chickens supplemented with EEs compared to those from the negative 
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and positive control groups. It might be explained because the studied 
plants have neither an irritating odor nor a pungent test and that poultry 
as birds might not be sensitive to flavor or test which made them more 
tolerant to exposure of adequate levels of these plants EEs.

These results could be  used in the main time in practical 
applications, such as: (1) supplementing M. citrifolia EE in broilers 
chicken reared in small-scale farms for improving performance and 
at the same time to validate our findings; (2) to start developing 
studies on the ways of formulation of this EE to optimize its use in 
poultry; (3) valuating the culture of M. citrifolia by farmers in the 
tropical areas because its potential use in poultry wellbeing, health, 
and production; however, poultry breeders and farmers should 
be aware of some limitations such as: (1) few studies with these EEs 
have been still carried out; (2) the supplementation of the EE in feed 
has some difficulties for the EE compounds to homogenate, 
degradation in the feeders, and low speed of being absorbed by the gut 
because of the very small quantities to be used; (3) the supplementation 
in drinking water is easier for the EE compounds to homogenate, fast 
in being absorbed by the gut but very difficult to manage the 
supplementation by itself; (4) for optimizing supplementation of 
extracts by drinking water, it needs automatized watering system; and 
(5) economic aspects of this EE is still pendant for being determined.

Regarding economic aspects that imply a growth promoter in 
poultry production, it is generally accepted that using antibiotics as 
growth promoters in poultry diets, feed utilization efficiency can 
be improved on average by 2–5% (Ly-Zi, et al., 2020). Very scarce trials 
in this aspect have been published with plant extracts and essential 
oils. A trial study with oregano essential oil (OEO) supplementation 
in broilers allowed a reduction in energy levels by 1–2%. This will lead 
to reduced feed costs and increased economic benefit in poultry farms 
(106). In addition, studies to evaluate the costs of different methods to 
obtain feed additives from plants did find that solvent extraction and 
supercritical fluid extraction are superior to other extraction methods 
in terms of low cost (107, 108). In the present study, no economic 
aspects of the EEs were considered; however, as it is one of the first 
studies using these bioactive plants on the modulation of intestinal 
health in broiler chickens, it is worthy to consider future research 
directions related to carry out more studies with these plants to search 
for more findings related to the bioactivity of its phytochemical 
compounds on animal wellbeing, health, and production and its 
economic aspects to validate these EEs as growth promoters in poultry.

Conclusion

Dietary supplementation with EE 0.01% M. citrifolia decreased the 
abundance of Staphylococcus aureus in the intestinal microbiota and 
increased the depth of the Lieberkühn crypts and the villi length to 
Lieberkühn crypt depth ratio in the intestinal mucosa of 21 days of age 
broiler chickens, indicating improved intestinal health. In addition, 0.01% 
M. citrifolia EE supplementation increased blood glucose and triglyceride 
levels at 21 and 28 days of age, respectively. These interactions increased 
the final weight, weight gain during the fattening stage, and the total for 
the three rearing stages and further decreased FCR. Thus, the results of 
this study demonstrate a beneficial effect of the supplementation of 
M. citrifolia EE in improving gut health and some production indices of 
broilers chicken. This study also showed that the EE of P. aduncum, 
A. altilis, and mainly M. citrifolia did not have a detrimental effect on any 
of the parameters evaluated, so it is postulated as a potential alternative to 

replace AGP in poultry. These results could be used in the main time in 
practical applications such as: (1) supplementing M. citrifolia EE in 
broilers chicken reared in small-scale farms for improving performance 
and at the same time to validate our findings; (2) to start developing 
studies on the ways of formulation of this EE to optimize its use in 
poultry; and (3) valuating the culture of M. citrifolia by farmers in the 
tropical areas because its potential use in poultry wellbeing, health, and 
production. However, further studies will be necessary to determine the 
phytocomponents and mechanisms by which this extract exerts these 
effects in broiler chicken.

Data availability statement

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

Ethics statement

The animal study was approved by the Ethics and Animal 
Wellbeing Committee from the Veterinary Medicine Faculty, 
Universidad Nacional Mayor de San Marcos. The study was conducted 
in accordance with the local legislation and institutional requirements.

Author contributions

DP-L: Funding acquisition, Project administration, Writing – 
original draft. MS-V: Investigation, Methodology, Writing – review & 
editing. RP-C: Investigation, Methodology, Writing – review & 
editing. SM-C: Investigation, Methodology, Writing – review & 
editing. XB-B: Conceptualization, Methodology, Writing – original 
draft. UA-P: Data curation, Software, Writing – review & editing. 
RR-H: Conceptualization, Supervision, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This study 
received funding from PROCIENCIA (200-2020-PROCIENCIA).

Acknowledgments

We gratefully acknowledge the PROCIENCIA grant No 
200-2020-FONDECYT-DE: “Use of natural plant extracts from the 
Peruvian Amazon to replace antibiotics as growth promoters in broiler 
chickens,” at the Universidad Nacional Agraria de la Selva, for the 
financial support.

Conflict of interest

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

204

https://doi.org/10.3389/fvets.2024.1286152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Paredes-López et al. 10.3389/fvets.2024.1286152

Frontiers in Veterinary Science 15 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 

or those of the publisher, the editors and the reviewers. Any 
product that may be evaluated in this article, or claim that may be 
made by its manufacturer, is not guaranteed or endorsed by the  
publisher.

References
 1. Maria Cardinal K, Kipper M, Andretta I, Machado Leal Ribeiro A. Withdrawal of 

antibiotic growth promoters from broiler diets: performance indexes and economic 
impact. J Am Assoc Instruct Invest Poultr Husbandry. (2019) 98:6659–67. doi: 10.3382/
ps/pez536

 2. Dibner JJ, Richards D. Antibiotic growth promoters in agriculture: history and 
mode of action. Poult Sci. (2005) 84:634–43. doi: 10.1093/ps/84.4.634

 3. Gonzalez RM, Angeles Hernandez JC. Antibiotic and synthetic growth promoters 
in animal diets: review of impact and analytical methods. Food Control. (2016) 72:255. 
doi: 10.1016/j.foodcont.2016.03.001

 4. Masebo NT, Marliani G, Cavallini D, Accorsi PA, Di Pietro M, Beltrame A, et al. 
Health and welfare assessment of beef cattle during the adaptation period in a specialized 
commercial fattening unit. Res Vet Sci. (2023) 158:50. doi: 10.1016/j.rvsc.2023.03.008

 5. Miles RD, Butcher GD, Henry PR, Littell RC. Effect of antibiotic growth promoters 
on broiler performance, intestinal growth parameters, and quantitative morphology. 
Poult Sci. (2006) 85:476–85. doi: 10.1093/ps/85.3.476

 6. Van Boeckela T, Brower C, Gilbert M, Grenfella BT, Levina SA, Robinsoni TP, et al. 
Global trends in antimicrobial use in food animals. PNAS Nexus. (2015) 112:5649–54. 
doi: 10.1073/pnas.1503141112

 7. Hou J, Long X, Wang X, Li L, Mao D, Luo Y, et al. Global trend of antimicrobial 
resistance in common bacterial pathogens in response to antibiotic consumption. J 
Hazard Mater. (2023) 442:130042. doi: 10.1016/j.jhazmat.2022.130042

 8. Soni K, Jyoti KM, Chandra H, Chandra R. Bacterial antibiotic resistance in 
municipal wastewater treatment plant; mechanism and its impacts on human health and 
economy. J Biteb. (2022) 19:101080. doi: 10.1016/j.biteb.2022.101080

 9. Abadi ATV, Rizvanov AA, Haertlé T, Blatt NL. World Health Organization report: 
current crisis of antibiotic resistance. Bio Nano Sci. (2019) 9:778–88.

 10. Ayukekbong JA, Ntemgwa M, Atab AN. The threat of antimicrobial resistance in 
developing countries causes and control strategies. ARIC. (2017) 6:e208. doi: 10.1186/
s13756-017-0208-x

 11. Kimera ZI, Mshana SE, Rweyemamu MM, Mboera LEG, Matee MIN. 
Antimicrobial use and resistance in food producing animals and the environment: an 
African perspective. Antimicrob Resist Infect Control. (2020) 9:37. doi: 10.1186/
s13756-020-0697-x

 12. Oloso NA, Fagbo S, Garbati M, Olonitola SO, Awosanya EJ, Aworh MK, et al. 
Antimicrobial resistance in food animals and the environment in Nigeria: a review. 
Environ Res Public Health. (2018) 15:1284. doi: 10.3390/ijerph15061284

 13. Huang R, Guo Z, Gao S, Jianchu LM, Yu Z, Bu D. Assessment of veterinary 
antibiotics from animal manure-amended soil to growing alfalfa, alfalfa silage, and milk. 
Ecotoxicol Environ Saf. (2021) 224:112699. doi: 10.1016/j.ecoenv.2021.112699

 14. Sugiharto S. Role of nutraceuticals in gut health and growth performance of 
poultry. J Saudi Soc Agric Sci. (2016) 15:99–111. doi: 10.1016/j.jssas.2014.06.001

 15. Stastník O, Novotny J, Roztocilov A, Zálešáková D, Řiháček M, Horáková L, et al. 
Caraway (Carum carvi L.) in fast-growing and slow-growing broiler chickens’ diets and 
its effect on performance, digestive tract morphology and blood biochemical profile 
(2022) 101:101980. doi: 10.1016/j.psj.2022.101980

 16. Toson A, Abd El Latif M, Mohamed E, Gazwi HSS, Saleh M, Kokoszynski D, et al. 
Efficacy of licorice extract on the growth performance, carcass characteristics, blood 
indices and antioxidants capacity in broilers (2021) 17:100696. doi: 10.1016/j.
animal.2022.100696

 17. Amer HY, Hassan RIM, El-Zahraa F, Mustafa A, EL-Shoukary RD, Rehan IF, et al. 
Modulation of immunity, antioxidant status, performance, blood hematology, and 
intestinal histomorphometry in response to dietary inclusion of Origanum majorana in 
domestic pigeons’ diet (2023) 13:30664. doi: 10.3390/life13030664

 18. Cabarkapa I, Puvaca N, Popovic S, Colovi D, Kostadinovi L, Tatham EK, et al. 
Aromatic plants and their extracts pharmacokinetics and in vitro/in vivo mechanisms 
of action. Feed Additives. (2020) 2020:75–88. doi: 10.1016/B978-0-12-814700-9.00005-4

 19. Cavallini D, Raspa F, Marliani G, Nannoni E, Martelli G, Sardi L, et al. Effect of 
dietary organic acids and botanicals on metabolic status and milk parameters in mid-late 
lactating goats. Animals. (2023) 13:797. doi: 10.3390/ani13050797

 20. El-Hack MAD, El-Saadony MT, Salem HM, El-Tahan AM, Soliman MM, Youssef 
GBA, et al. Alternatives to antibiotics for organic poultry production: types, modes of 
action and impacts on bird’s health and production. Poult Sci. (2022) 101:101696. doi: 
10.1016/j.psj.2022.101696

 21. Hassan RIM, Refaie MS, El-Shoukary RD, Rehan IF, Zigo F, Karaffová V, et al. 
Effect of dietary microalgae (Spirulina platensis) on growth performance, ingestive 

behavior, hemato-biochemical parameters, and economic efficiency of fayoumi broilers. 
Life. (2022) 12:1892. doi: 10.3390/life12111892

 22. Jhonson AM, Anderson G, Anguelles-Ramos M, Ali AAB. Effect of dietary 
essential oil of oregano on performance parameters, gastrointestinal traits, blood lipid 
profile, and antioxidant capacity of laying hens during the pullet phase. Front Animal 
Sci. (2022) 3:10727. doi: 10.3389/fanim.2022.10727

 23. Lacková Z, Zigo F, Farkašová Z, Ondrašoviˇcová S. The effect of humic substances 
as an organic supplement on the fattening performance, quality of meat, and selected 
biochemical parameters of rabbits. Life. (2022) 12:1016. doi: 10.3390/life12071016

 24. Skoufos I, Bonos E, Anastasiou I, Tsinas A, Tzora A. Effects of phytobiotics in 
healthy or disease challenged animals. Feed Additives. (2020) 2020:311. doi: 10.1016/
B978-0-12-814700-9.00018-2

 25. Zheng Z, Zhang S, Wang H, Piao X. Essential oil and aromatic plants as feed 
additives in non-ruminant nutrition: a review. J Anim Sci Biotechnol. (2015) 6:7. doi: 
10.1186/s40104-015-0004-5

 26. Castillo A, Pascual Y, Cunhanune L, De la Paz C, Cañete L. Evaluación de la 
actividad antimicrobiana de extractos de hojas y semillas de M. citrifolia Revista cubana 
de plantas medicinales. (2014) 19:374–82.

 27. Debonsi H, Morandim A, Cavalheiro M, Marques M, Young M, Kato M. 
Composition and antifungal activity of ssential oils from P. aduncum, P. Arboreum and 
P. tuberculatum. Quim Nova. (2006) 29:467–70. doi: 10.1590/S0100-40422006000300012

 28. Pradhan C, Mohabty M, Rout A, Bandhu A, Bihari K, Kumar H. Phytoconstituent 
screening and comparative assessment of antimicrobial potentiality of A. altilis fruit 
extracts. Int J Pharm Pharm Sci. (2013) 5:840–3.

 29. Anantharaj A, Jeyakumar S, Sathya MM, Sunder J. Biochemical and antioxidant 
effects in crossbred calves fed with Morinda citrifolia. J Appl Animal Res. (2016) 45:252. 
doi: 10.1080/09712119.2016.1151794

 30. De-Lu Ma C, Mal S, Chen X, West BJ. In vivo antioxidant activity of 
Deacetylasperulosidic acid in noni. J Anal Methods Chem. (2013) 2013:1–5. doi: 
10.1155/2013/804504

 31. Sasmito E, Hertiani T, Renggani TN, Laksana BJ. Polysaccharide-rich fraction of 
noni fruit (Morinda citrifolia L.) as doxorubicin co-chemotherapy: evaluation of 
catalase, macrophages, and TCD8+ lymphocytes (2015) 83:479–88. doi: 10.3797/
scipharm.1410-01

 32. Wang MY, Nowicki D, Anderson G, Jensen J, West B. Liver protective effects of 
Morinda citrifolia (noni). Plant Foods Hum Nutr. (2008) 63:59–63. doi: 10.1007/
s11130-008-0070-3

 33. Lal PP, Diarra SS, Amosa F, Devi A. Influence of stage of ripening and 
dietary  concentration of noni (Morinda citrifolia L.) powder on broiler 
performance. J Agric Rural Dev Trop Subtrop. (2020) 121:57–62. doi: 10.17170/
kobra-202004061142

 34. Servicio Nacional de Meteorología e Hidrología (SENAMHI). (2022). Promedio 
de temperatura y precipitación normal para Tingo Maria. Available in: https://www.
senamhi.gob.pe/?p=pronosticodetalle&dp=10&localidad=0025

 35. Rostagno H, Albino L, Donzele J, Gomes P, De Oliveira R, Lopez D, et al. 
Tablas Brasileñas para aves y cerdos. Composición de alimentos y requerimientos 
nutricionales. 3a Edición. Belo Horizonte, Brasil: Universidad Federal de Viçosa-
Departamento de Zootecnia (2017). 259 p.

 36. Girolami F, Barbarossa A, Badino P, Ghadiri S, Cavallini D, Zaghini A, et al. Effects 
of turmeric powder on aflatoxin M1 and aflatoxicol excretion in milk from dairy cows 
exposed to aflatoxin B1 at the EU maximum tolerable levels. Toxins. (2022) 14:430. doi: 
10.3390/toxins14070430

 37. Fan T, Xie Y, Ma W. Research progress on the protection and detoxification of 
phytochemicals against aflatoxin B1-induced liver toxicity (2021) 195:58–68. doi: 
10.1016/j.toxicon.2021.03.007

 38. Umaya SR, Vijayalakshmi YC, Sejian V. Exploration of plant products and 
phytochemicals against aflatoxin toxicity in broiler chicken production: present status. 
Toxicon. (2021) 200:55. doi: 10.1016/j.toxicon.2021.06.017

 39. Samour J., Silvanose C., Pendl H. (2016). Clinical and diagnostic procedures. J. 
Samour, (Ed.), Avian Medicine, 3ed Edition, Mosby

 40. Eckersall P. (2008). Proteins, proteomics, and dysproteinemias. J.J. Kaneko, J.W. 
Harvey and M.L. Bruss Clinical biochemistry of domestic animals. 6th Edn, Iowa, USA: 
Academic Press. 117–155

 41. Watersson C.L. (2009). Proteins. Animal clinical chemistry a practical guide for 
toxicologists and biomedical researchers by Evans G.O. 2nd Edn. CRC Press. FL. 310

205

https://doi.org/10.3389/fvets.2024.1286152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3382/ps/pez536
https://doi.org/10.3382/ps/pez536
https://doi.org/10.1093/ps/84.4.634
https://doi.org/10.1016/j.foodcont.2016.03.001
https://doi.org/10.1016/j.rvsc.2023.03.008
https://doi.org/10.1093/ps/85.3.476
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.1016/j.jhazmat.2022.130042
https://doi.org/10.1016/j.biteb.2022.101080
https://doi.org/10.1186/s13756-017-0208-x
https://doi.org/10.1186/s13756-017-0208-x
https://doi.org/10.1186/s13756-020-0697-x
https://doi.org/10.1186/s13756-020-0697-x
https://doi.org/10.3390/ijerph15061284
https://doi.org/10.1016/j.ecoenv.2021.112699
https://doi.org/10.1016/j.jssas.2014.06.001
https://doi.org/10.1016/j.psj.2022.101980
https://doi.org/10.1016/j.animal.2022.100696
https://doi.org/10.1016/j.animal.2022.100696
https://doi.org/10.3390/life13030664
https://doi.org/10.1016/B978-0-12-814700-9.00005-4
https://doi.org/10.3390/ani13050797
https://doi.org/10.1016/j.psj.2022.101696
https://doi.org/10.3390/life12111892
https://doi.org/10.3389/fanim.2022.10727
https://doi.org/10.3390/life12071016
https://doi.org/10.1016/B978-0-12-814700-9.00018-2
https://doi.org/10.1016/B978-0-12-814700-9.00018-2
https://doi.org/10.1186/s40104-015-0004-5
https://doi.org/10.1590/S0100-40422006000300012
https://doi.org/10.1080/09712119.2016.1151794
https://doi.org/10.1155/2013/804504
https://doi.org/10.3797/scipharm.1410-01
https://doi.org/10.3797/scipharm.1410-01
https://doi.org/10.1007/s11130-008-0070-3
https://doi.org/10.1007/s11130-008-0070-3
https://doi.org/10.17170/kobra-202004061142
https://doi.org/10.17170/kobra-202004061142
https://www.senamhi.gob.pe/?p=pronosticodetalle&dp=10&localidad=0025
https://www.senamhi.gob.pe/?p=pronosticodetalle&dp=10&localidad=0025
https://doi.org/10.3390/toxins14070430
https://doi.org/10.1016/j.toxicon.2021.03.007
https://doi.org/10.1016/j.toxicon.2021.06.017


Paredes-López et al. 10.3389/fvets.2024.1286152

Frontiers in Veterinary Science 16 frontiersin.org

 42. Ghazanfari S, Mohammadi Z, Adib Moradi M. Effects of coriander essential oil on 
the performance, blood characteristics, intestinal microbiota and histological of broilers. 
Rev Bras Cienc Avic. (2015) 17:419–26. doi: 10.1590/1516-635X1704419-426

 43. Hashemi SR, Zulkifli I, Davoodi H, Zunita Z, Ebrahimi M. Growth performance, 
intestinal microflora, plasma fatty acid profile in broiler chickens fed herbal plant 
(Euphorbia hirta) and mix of acidifiers. Anim Feed Sci Technol. (2012) 178:167–74. doi: 
10.1016/j.anifeedsci.2012.09.006

 44. Culling CSA, Allison RI, Barr WT. Cellular pathology technique. 4th ed. London: 
Butter Worth publishing (1985). 642 p.

 45. Ogbuewu IP, Mokolopi BG, Mbajiorgu CA. Meta-analysis of growth performance 
indices of broiler chickens in response to turmeric (Curcuma longa L.) supplementation. 
J Antifeed Sci. (2022) 283:115155. doi: 10.1016/j.anifeedsci.2021.115155

 46. Bashir MA, Khan MH, Essa M, Taj MA, Fida A, Samiullah K, et al. Role of 
botanical leaves powder in blood hematology of living organisms. J Inflamm Res. (2022) 
34:101789. doi: 10.1016/j.jksus.2021.101789

 47. Pollesel M, Tassinari M, Frabetti A, Fornasini D, Cavallini D. Effect of does parity 
order on litter homogeneity parameters. Italian J Animal Sci. (2020) 19:1188. doi: 
10.1080/1828051X.2020.1827990

 48. Software Statistics Infostat. (2022). Cordova, Argentina

 49. Odoh LI, Bratte L. Effects of varying levels of neem (Azadirachta indica) leaf meal 
in layer diets on the haematological and serological indices, and faecal bacterial counts 
of layers. J Nat Sci Res. (2015) 5:37–44.

 50. Ajiboye BO, Ojo OA, Aganzi IY, Chikezie GS, Fadaka OA, Jayesimi K, et al. 
Antihyperanaemic and antihyperlipidemic activities of Artocarpus altilis fruit based-diet 
on alloxan-induced diabetic rats. Int Food Res J. (2017) 24:2133–9.

 51. De Sousa B, Miguel CB, Rodrigues WF, Machado JR, da Silva MV, Alvares da 
Costa T, et al. Effects of short-term consumption of Morinda citrifolia (noni) fruit juice 
on mice intestine, liver, and kidney immune modulation. Food Agric Immunol. (2017) 
28:528–42. doi: 10.1080/09540105.2017.1306492

 52. Mhatre BA, Marar T. Protective effect of Morinda citrifolia L. (fruit extract) on 
methotrexate-induced toxicities-hematological and biochemical studies. Cogent Biol. 
(2016) 2:1207879. doi: 10.1080/23312025.2016.1207879

 53. Sousa PJC, Barros CAL, Rocha JC, Lira DS, Monteiro GM, Maia JGS. Avaliação 
toxicológica do óleo esencial de Piper aduncum L. Rev Bras. (2008) 18:217–21. doi: 
10.1590/S0102-695X2008000200013

 54. Nnenna PO, Okey AA. Toxicity and nutritional assessment of aqueous Azadirachta 
Indica (neem) leaf extract in broiler chicks. IJB. (2013) 3:172–80. doi: 10.12692/
ijb/3.6.172-180

 55. Yang R.Y., Chang L.C., Hsu J.C., Weng B., Palada M., Chadha M.L., et al. (2006). 
Nutritional and functional properties of Moringa leaves − from germplasm, to plant, to 
food, to health. Proceed. of the Moringa and other highly nutritious plant resources: 
strategies, standards and markets for a better impact on nutrition in Africa, Ghana, 1–8

 56. Reece W. (2015). The composition and functions of blood. W.O. Reece, H.H. 
Erickson, J.P. Goff and E.E. Uemura Duckes’ physiology of domestic animals 13th edition, 
Wiley Blackwell, Oxford, UK. 114–136

 57. Braun EJ, Sweazea KL. Glucose regulation in birds. Comp Biochem Physiol B. 
(2008) 151:1–9. doi: 10.1016/j.cbpb.2008.05.007

 58. Stevens L. (1996). Lipids and their metabolism. Avian biochemistry and molecular 
biology. Cambridge University Press. Cambridge, UK. 46–64

 59. Sweazea KL. Revisiting glucose regulation in birds – A negative model of diabetes 
complications. Comp Biochem Physiol B. (2022) 262:110778. doi: 10.1016/j.
cbpb.2022.110778

 60. Mozef T, Risdian C, Sukandar EY, Soemardji AA. Bioactivity of ethyl acetate 
fraction from the leaves of “Sukun” (Artocarpus altilis (Parkinson) Fosberg) in 
preventing atherosclerosis. Proc Chem. (2015) 16:106. doi: 10.1016/j.proche.2015.12.037

 61. Wang R, Wang L, Wu H, Zhang L, Hu X, Li C, et al. Noni (Morinda citrifolia L.) 
fruit phenolic extract supplementation ameliorates NAFLD by modulating insulin 
resistance, oxidative stress, inflammation, liver metabolism and gut microbiota. J Food 
Res. (2022) 160:111732. doi: 10.1016/j.foodres.2022.111732

 62. Schultz Branquinhoa L, Santos JA, Lima Cardoso CA, da Silva Mota J, Lanza Junior 
U, Kassuya CAL, et al. Anti-inflammatory, and toxicological evaluation of essential oil 
from Piper glabratum leaves. J Ethnopharmacol. (2017) 198:132. doi: 10.1016/j.
jep.2017.01.008

 63. Costa NA, Duarte EF, Guimarães GS, Minafra CS, Souza LP, Santos FR. Plant 
extract of noni (Morinda citrifolia) as growth promoters of broilers. Res Soc Dev. (2020) 
9:1–26. doi: 10.33448/rsd-v9i7.3608

 64. Pan D, Yu Z. Intestinal microbiome of poultry and its interaction with host and 
diet. Gut Microbes. (2014) 5:108–19. doi: 10.4161/gmic.26945

 65. Bedbury HP, Duke GE. Cecal microflora of turkeys fed low or high fiber diets: 
enumeration, identification, and determination of cellulolytic activity. Poult Sci. (1983) 
62:675–82. doi: 10.3382/ps.0620675

 66. Gong J, Forster RJ, Yu J, Chambers JR, Sabour PM, Wheatcroft R, et al. Diversity 
and phylogenetic analysis of bacteria in the mucosa of chicken ceca and comparison 
with bacteria in the cecal lumen. FEMS Microbiol Lett. (2002) 208:1–7. doi: 
10.1111/j.1574-6968.2002.tb11051.x

 67. Sowmiya S, Jasmine R, Mohan S, Santhanam R, Prathiviraj R, Kiran GS, et al. 
Analysis of the gut microbiota of healthy CARI-Nirbheek (Aseel cross). Environ Adv. 
(2022) 9:100304. doi: 10.1016/j.envadv.2022.100304

 68. Han GG, Kim EB, Lee J, Lee JY, Jin G, Park J, et al. Relationship between the 
microbiota in different sections of the gastrointestinal tract, and the body weight of 
broiler chickens. Springerplus. (2016) 5:911. doi: 10.1186/s40064-016-2604-8

 69. Li J, Li Y, Xiao H, Li W, Ye F, Wang L, et al. The intestinal microflora diversity of 
aboriginal chickens in Jiangxi province, China. Poult Sci. (2024) 103:103198. doi: 
10.1016/j.psj.2023.103198

 70. Clavijo V, Vives MJ. The gastrointestinal microbiome and its association with the 
control of pathogens in broiler chicken production: a review. J Am Assoc Instruct Invest 
Poultr Husbandry. (2018) 97:1006–21. doi: 10.3382/ps/pex359

 71. Oakley BB, Lillehoj HS, Kogut MH, Kim WK, Maurer JJ, Pedroso A, et al. The 
chicken gastrointestinal microbiome. FEMS Microbiol Lett. (2014) 360:100. doi: 
10.1111/1574-6968.12608

 72. Socaci SA, Farcas AC, Tofana M. Functional ingredients derived from aromatic 
plants. Feed Additives. (2020) 2020:133. doi: 10.1016/B978-0-12-814700-9.00008-X

 73. Daglia M. Polyphenols as antimicrobial agents. Curr Opin Biotechnol. (2012) 
23:174. doi: 10.1016/j.copbio.2011.08.007

 74. Soleimani M, Arzani A, Arzani V, Roberts TH. Phenolic compounds and 
antimicrobial properties of mint and thyme. J Herbal Med. (2022) 36:100604. doi: 
10.1016/j.hermed.2022.100604

 75. Yang C, Ottemann KM. Control of bacterial colonization in the glands and crypts. 
Curr Opin Microbiol. (2019) 47:38–44. doi: 10.1016/j.mib.2018.11.004

 76. Giannenas I, Bonos E, Christaki E, Florou-Paneri P. Essential oils and their 
applications in animal nutrition. Med Aromatic Plants. (2013) 2:e140. doi: 
10.4172/2167-0412.1000140

 77. O’Bryan CA, Pendleton SJ, Crandall PG, Ricke SC. Potential of plant essential oils 
and their components in animal agriculture – in vitro studies on antibacterial mode of 
action. Front Vet Sci. (2015) 2:#5. doi: 10.3389/fvets.2015.00035

 78. Seow YX, Yeo CR, Chung HL, Yuk H-G. Plant essential oils as active antimicrobial 
agents. Crit Rev Food Sci Nutr. (2014) 54:625–44. doi: 10.1080/10408398.2011.599504

 79. Zhang Y, Liu X, Wang Y, Jiang P, Quek SY. Antibacterial activity and mechanism 
of cinnamon essential oil against Escherichia coli and Staphylococcus aureus. Food 
Control. (2016) 59:282–9. doi: 10.1016/j.foodcont.2015.05.032

 80. Jang IS, Ko YH, Kang SY, Lee SY. Effect of a commercial essential oil on growth 
performance, digestive enzyme activity and intestinal microflora population in broiler 
chicken. J Anifeed Sci. (2017) 6:e6. doi: 10.1016/j.anifeedsci.2006.06.00

 81. Murugesan GR, Syed B, Haldar S, Pender C. Phytogenic feed additives as an 
alternative to antibiotic growth promoters in broiler chickens. Front Vet Sci. (2015) 2:e21. 
doi: 10.3389/fvets.2015.00021

 82. Si W, Gong J, Tsao R, Zhou T, Yu H, Poppe C, et al. Antimicrobial activity of 
essential oils and structurally related synthetic food additives towards selected 
pathogenic and beneficial gut bacteria. J Appl Microbiol. (2006) 100:296–305. doi: 
10.1111/j.1365-2672.2005.02789.x

 83. Aughey E, Frye FL. Comparative veterinary histology with correlates. London UK: 
Manson Publishing Ltd. (2001). 292 p.

 84. Sumigray KD, Terwilliger M, Lechler T. Morphogenesis and 
compartmentalization of the intestinal crypt. Dev Cell. (2018) 45:183–197.e5. doi: 
10.1016/j.devcel.2018.03.024

 85. Zhao D, Farnell MB, Kogut MH, Genovese KJ, Chapkin RS, Davidson LA, et al. 
From crypts to enteroids: establishment and characterization of avian intestinal 
organoids. Poult Sci. (2021) 101:101642. doi: 10.1016/j.psj.2021.101642

 86. Hamedi S, Rezaian M, Shomali T. Histological changes of small intestinal mucosa 
of cocks due to sunflower meal single feeding. Am J Animal Vet Sci. (2011) 6:171. doi: 
10.3844/ajavsp.2011.171.175

 87. Prakatur I, Miskulin M, Pavic M, Marjanovic K, Blazicevic V, Miskulin I, et al. 
Intestinal morphology in broiler chickens supplemented with Propolis and bee pollen. 
Animals. (2019) 9:60301. doi: 10.3390/ani9060301

 88. Islam R, Sultana S, Bhakta S, Haque Z, Hasan AL, Siddique MP, et al. Modulation 
of growth performance, gut morphometry, and cecal microbiota in broilers by clove 
(Syzygium aromaticum) and tulsi (Ocimum sanctum) supplementation. Poult Sci. 
(2023) 102. doi: 10.1016/j.psj.2022.102266

 89. Kiczorowska B, Al-Yasiry ARM, Samolińska M, Marek AR, Pyzik E. The effect of 
dietary supplementation of the broiler chicken diet with Boswellia serrata resin on 
growth performance, digestibility, and gastrointestinal characteristics, morphology, and 
microbiota. Livestock Sci. (2016) 191:117. doi: 10.1016/j.livsci.2016.07.019

 90. Li-Zhi J, Dersjant-Li Y, Giannenas I. Application of aromatic plants and their 
extracts in diets of broiler chickens. Feed Additives. (2020) 2020:159. doi: 10.1016/
B978-0-12-814700-9.00010-8

 91. Eyng C, Murakami AE, Duarte CRA, Santos TC. Effect of dietary supplementation 
with an ethanolic extract of propolis on broiler intestinal morphology and digestive 
enzyme activity (2014) 98:393–401. doi: 10.1111/jpn.12116

 92. Wang J, Li S, Wang Q, Xin B, Wang H. Trophic effect of bee pollen on small 
intestine in broiler chickens. JMF. (2007) 2006:215. doi: 10.1089/jmf.2006.215

206

https://doi.org/10.3389/fvets.2024.1286152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1590/1516-635X1704419-426
https://doi.org/10.1016/j.anifeedsci.2012.09.006
https://doi.org/10.1016/j.anifeedsci.2021.115155
https://doi.org/10.1016/j.jksus.2021.101789
https://doi.org/10.1080/1828051X.2020.1827990
https://doi.org/10.1080/09540105.2017.1306492
https://doi.org/10.1080/23312025.2016.1207879
https://doi.org/10.1590/S0102-695X2008000200013
https://doi.org/10.12692/ijb/3.6.172-180
https://doi.org/10.12692/ijb/3.6.172-180
https://doi.org/10.1016/j.cbpb.2008.05.007
https://doi.org/10.1016/j.cbpb.2022.110778
https://doi.org/10.1016/j.cbpb.2022.110778
https://doi.org/10.1016/j.proche.2015.12.037
https://doi.org/10.1016/j.foodres.2022.111732
https://doi.org/10.1016/j.jep.2017.01.008
https://doi.org/10.1016/j.jep.2017.01.008
https://doi.org/10.33448/rsd-v9i7.3608
https://doi.org/10.4161/gmic.26945
https://doi.org/10.3382/ps.0620675
https://doi.org/10.1111/j.1574-6968.2002.tb11051.x
https://doi.org/10.1016/j.envadv.2022.100304
https://doi.org/10.1186/s40064-016-2604-8
https://doi.org/10.1016/j.psj.2023.103198
https://doi.org/10.3382/ps/pex359
https://doi.org/10.1111/1574-6968.12608
https://doi.org/10.1016/B978-0-12-814700-9.00008-X
https://doi.org/10.1016/j.copbio.2011.08.007
https://doi.org/10.1016/j.hermed.2022.100604
https://doi.org/10.1016/j.mib.2018.11.004
https://doi.org/10.4172/2167-0412.1000140
https://doi.org/10.3389/fvets.2015.00035
https://doi.org/10.1080/10408398.2011.599504
https://doi.org/10.1016/j.foodcont.2015.05.032
https://doi.org/10.1016/j.anifeedsci.2006.06.00
https://doi.org/10.3389/fvets.2015.00021
https://doi.org/10.1111/j.1365-2672.2005.02789.x
https://doi.org/10.1016/j.devcel.2018.03.024
https://doi.org/10.1016/j.psj.2021.101642
https://doi.org/10.3844/ajavsp.2011.171.175
https://doi.org/10.3390/ani9060301
https://doi.org/10.1016/j.psj.2022.102266
https://doi.org/10.1016/j.livsci.2016.07.019
https://doi.org/10.1016/B978-0-12-814700-9.00010-8
https://doi.org/10.1016/B978-0-12-814700-9.00010-8
https://doi.org/10.1111/jpn.12116
https://doi.org/10.1089/jmf.2006.215


Paredes-López et al. 10.3389/fvets.2024.1286152

Frontiers in Veterinary Science 17 frontiersin.org

 93. Wang L, Li J, Li J Jr, Li RX, Lv CF, Li S, et al. Identification of the Paneth cells in 
chicken small intestine. Poult Sci. (2016) 95:1631. doi: 10.3382/ps/pew079

 94. Barker N, van Oudenaarden A, Clevers H. Identifying the stem cell of the ntestinal 
crypt: strategies and pitfalls. Cell Stem Cell. (2012) 11:452. doi: 10.1016/j.stem.2012.09.009

 95. Bankaitis ED, Ha AJ, Kuo CJ, Magness ST. Reserve Stem Cells in Intestinal 
Homeostasis and Injury. (2018). doi: 10.1053/j.gastro.2018.08.016

 96. Li J, Li J Jr, Zhang SY, Li RX, Lin X, Mi YL, et al. Culture and 
characterization of chicken small intestinal crypts. Poult Sci. (2018) 97:1536. doi: 
10.3382/ps/pey010

 97. da Silva AD, Matias EFF, Rocha J, Araújo ACJ, de Freitas T, Campina F, et al. Gas 
chromatography coupled to mass spectrometry (GC-MS) characterization and 
evaluation of antibacterial bioactivities of the essential oils from Piper arboreum Aubl., 
Piper aduncum L. e Piper gaudichaudianum Kunth. Z Naturforsch C J Biosci. (2021) 
76:35–42. doi: 10.1515/znc-2020-0045

 98. Cohen A, Klasing K, Ricklefs R. Measuring circulating antioxidants in 
wild birds. Compar Biochem Physiol Mol Biol. (2007) 147:110–21. doi: 10.1016/j.
cbpb.2006.12.015

 99. Ku H, Sohal RS. Comparison of mitochondrial pro-oxidant generation 
and  antioxidant defenses between rat and pigeon: possible basis of variation in 
longevity  and metabolic potential. Mech Ageing Dev. (1993) 72:67–76. doi: 
10.1016/0047-6374(93)90132-B

 100. Paredes-López DM, Robles-Huaynate R, Beteta-Blas X, Aldava-Pardave U. 
Effect of Morinda citrifolia fruit powder on physiological and productive 
performance of Cavia porcellus. Front Vet Sci. (2023) 10:134138. doi: 10.3389/
fvets.2023.1134138

 101. Vini K, Akhmad TM, Agustono . Increasing growth performances of Nile tilapia 
(Oreochromis niloticus) by supplementation of noni Morinda citrifolia fruit extract via 
diet. AACL Bioflux. (2020) 13:159–66.

 102. Yancey JWS, Apple JK, Kegley EB, Godbee RG. Effects of Morinda citrifolia 
(noni) pulp on growth performance and stress responses of growing cattle. Prof Animal 
Sci. (2013) 29:420–5. doi: 10.15232/S1080-7446(15)30255-2

 103. Giannenas I, Bonos E, Filliousis G, Stylianaki I, Kumar P, Lazari D, et al. Effect 
of a polyherbal or an arsenic-containing feed additive on growth performance of broiler 
chickens, intestinal microbiota, intestinal morphology and lipid oxidation of breast and 
thigh meat. J Appl Poultry Res. (2018) 28:164. doi: 10.3382/japr/pfy059

 104. Van Der Aar PJ, Molist F, Van Der Klis JD. The central role of intestinal health 
on the effect of feed additives on feed intake in swine and poultry. Animal Feed Sci 
Technol. (2017) 233:64. doi: 10.1016/j.anifeedsci.2016.07.019

 105. Vinassa M, Cavallini D, Galaverna D, Baragli P, Raspa F, Nery J, et al. Palatability 
assessment in horses in relation to lateralization and temperament. J Appl Animal. 
(2020) 2020:105110. doi: 10.1016/j.applanim.2020.105110

 106. Van Eerden E, Star L, Van Der Aar L, Jin LZ. Effect of dietary oregano 
(Origanum vulgare L.) essential oil on growth performance of broiler chickens fed 
with diets of different metabolizable energy levels. J Anim Sci. (2012) 90:559. doi: 
10.5897/AJB10.2596

 107. Kant R, Kumar A. Review on essential oil extraction from aromatic and medicinal 
plants: Techniques, performance and economic analysis. (2022). doi: 10.1016/j.
scp.2022.100829

 108. Pereira CG, Meireles MAA. Economic analysis of rosemary, fennel and anise 
essential oils obtained by supercritical fluid extraction. (2007). doi: 10.1002/ffj.1813

207

https://doi.org/10.3389/fvets.2024.1286152
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3382/ps/pew079
https://doi.org/10.1016/j.stem.2012.09.009
https://doi.org/10.1053/j.gastro.2018.08.016
https://doi.org/10.3382/ps/pey010
https://doi.org/10.1515/znc-2020-0045
https://doi.org/10.1016/j.cbpb.2006.12.015
https://doi.org/10.1016/j.cbpb.2006.12.015
https://doi.org/10.1016/0047-6374(93)90132-B
https://doi.org/10.3389/fvets.2023.1134138
https://doi.org/10.3389/fvets.2023.1134138
https://doi.org/10.15232/S1080-7446(15)30255-2
https://doi.org/10.3382/japr/pfy059
https://doi.org/10.1016/j.anifeedsci.2016.07.019
https://doi.org/10.1016/j.applanim.2020.105110
https://doi.org/10.5897/AJB10.2596
https://doi.org/10.1016/j.scp.2022.100829
https://doi.org/10.1016/j.scp.2022.100829
https://doi.org/10.1002/ffj.1813


Frontiers in Veterinary Science 01 frontiersin.org

Impact of high Spirulina diet, 
extruded or supplemented with 
enzymes, on blood cells, systemic 
metabolites, and hepatic lipid and 
mineral profiles of broiler chickens
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The impact of 15% dietary inclusion of Spirulina (Arthrospira platensis) in broiler 
chickens was explored, focusing on blood cellular components, systemic 
metabolites and hepatic lipid and mineral composition. From days 14 to 
35 of age, 120 broiler chickens were divided and allocated into four dietary 
treatments: a standard corn and soybean meal-based diet (control), a 15% 
Spirulina diet, a 15% extruded Spirulina diet, and a 15% Spirulina diet super-dosed 
with an enzyme blend (0.20% porcine pancreatin plus 0.01% lysozyme). The 
haematological analysis revealed no significant deviations (p  >  0.05) in blood 
cell counts across treatments, suggesting that high Spirulina inclusion maintains 
haematological balance. The systemic metabolic assessment indicated an 
enhanced antioxidant capacity in birds on Spirulina diets (p  <  0.001), pointing 
toward a potential reduction in oxidative stress. However, the study noted a 
detrimental impact on growth performance metrics, such as final body weight 
and feed conversion ratio (both p  <  0.001), in the Spirulina-fed treatments, with 
the super-dosed enzyme blend supplementation failing to alleviate these effects 
but with extrusion mitigating them. Regarding hepatic composition, birds on 
extruded Spirulina and enzyme-supplemented diets showed a notable increase 
in n-3 fatty acids (EPA, DPA, DHA) (p  <  0.001), leading to an improved n-6/n-3 
PUFA ratio (p  <  0.001). Despite this positive shift, a reduction in total hepatic lipids 
(p  =  0.003) was observed without a significant change in cholesterol levels. Our 
findings underscore the need for further exploration into the optimal inclusion 
levels, processing methods and potential enzymatic enhancements of Spirulina 
in broiler diets. Ultimately, this research aims to strike a balance between 
promoting health benefits and maintaining optimal growth performance in 
poultry nutrition.
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1 Introduction

The increasing global quest for sustainable and eco-friendly 
protein sources, especially in poultry farming, has driven the 
exploration toward unconventional feed components. Among these, 
microalgae, particularly those from the Spirulina genus, have emerged 
as noteworthy contenders (1–3). Arthrospira platensis, ubiquitously 
known as Spirulina, is a cyanobacterium heralded for its superior 
protein content, carbohydrates, essential fatty acids, vitamins, 
pigments and diverse mineral profile. However, these contents are 
subject to modulation based on cultivation conditions and seasonal 
variations (4, 5).

Apart from its robust nutritional portfolio, Spirulina exhibits a 
range of functional benefits including antimicrobial, antioxidant, anti-
inflammatory and immunomodulatory properties (5–7). However, the 
alga’s predominantly indigestible cell wall, resembles the Gram-
negative bacteria with a composition mostly of peptidoglycan and 
lipopolysaccharides, presenting digestibility challenges to monogastric 
animals (8). Moreover, the bioaccessibility of algal proteins can 
be  thwarted due to the protein-pigment complexes, such as 
phycocyanins interfaced with thylakoid membranes (9).

Although carbohydrases, like lysozyme, have shown promise in 
partially dismantling the Spirulina cell wall (10), a gelation process 
appears to ensnare nutrients, impeding their digestion (3, 11). 
Preliminary attempts to hydrolyse Spirulina proteins through physical 
pre-treatments coupled with pancreatin or trypsin have been made 
(12, 13), but the realm of deploying such enzymes to degrade proteins 
in A. platensis feed for monogastric animals remains largely 
unexplored. However, emerging studies accentuate the potential 
efficacy of specific exogenous enzymes, such as carbohydrate-active 
enzymes, in breaching the Spirulina cell wall and amplifying the 
bioavailability of its nutritional benefits (14). The incorporation of 
these exogenous enzymes as feed additives in poultry diets is a well-
trodden strategy to mitigate the paucity of endogenous enzymes and 
neutralize anti-nutritional factors, enhancing the digestibility of 
dietary constituents (15, 16). Furthermore, these enzymes foster the 
generation of prebiotic oligosaccharides, thus buoying gut health and 
growth parameters (17).

Traditionally, microalgae have been utilized more as supplements 
than core ingredients in monogastric diets (18). Preceding inquiries 
from this team evaluated the ramifications of integrating microalgae 
as a feed ingredient on growth performance, health status, and hepatic 
lipid composition in broilers (19, 20), and extended to pigs (19, 20). 
This investigation pioneers the examination of the synergistic effects 
of prolonged feeding with a high level of A. platensis, either alone or 
supplemented with different enzymes (predominantly peptidases, EC 
3.4), on the health and hepatic lipid metabolism in broilers. While the 
positive impacts of dietary Spirulina supplementation on broiler 
performance and health have been tentatively probed [e.g., Pestana 
et  al. (3)], a realm unexplored persists concerning the interactive 
effects of super-dosing multienzymes in conjunction with higher 

Spirulina inclusion levels. Indeed, previous reports showed the 
potential of super-dosed (higher than recommended) multi-enzymes 
to improve growth performance, gut health, and nutrient absorption 
in poultry (21–23). The application of extruded Spirulina in one of the 
dietary treatments seems to be a promising combination, as shown in 
in vitro studies, to enzymatic pre-treatments (e.g., porcine pancreatin), 
as the high pressure and temperature may cause a disruption in 
microalga’s cell wall, contributing to improving the bioavailability of 
relevant proteins, such as phycocyanin (12, 13).

The purpose of this work was to assess the impact of incorporating 
15% A. platensis biomass in broiler diets, either exclusively, or in 
combination with a super-dosing enzyme blend (pancreatin and 
lysozyme), or when Spirulina is extruded, from day 14 to 35, on 
broilers’ blood cells, plasma metabolites, and hepatic composition, 
comprising fatty acids, antioxidant diterpenes, pigments and 
mineral profile.

2 Materials and methods

2.1 Animal housing and dietary treatments

The research enlisted a group of one hundred and twenty, 
one-day-old male Ross 308 broiler chicks acquired from Pinto 
Valouro (Bombarral, Portugal), each exhibiting an average initial 
weight of 39.3 ± 2.30 g. From day 1, they were randomly lodged in 40 
wire-netted enclosures (56 cm height x 56 cm length x 50 cm width) 
for 35 days under regulated environmental conditions. Ambient 
temperature and airflow were persistently supervised as per the 
previously established protocols (2, 19). Adhering to the 3R’s 
doctrine (Reduce, Refine and Replace) to curtail the number of 
animals employed, every enclosure hosted three chicks, with 10 
identical enclosures designated for each dietary experiment. The 
experimental trial was conducted in the School of Agriculture at the 
University of Lisbon (Lat: 38°42′27.5”N; Lng: 9°10′56.3”W). The 
Animal Welfare Committee of the School of Agriculture at the 
University of Lisbon (ORBEA/ISA) approved all the experimental 
methodologies involving animals, allocating the study a protocol 
code number 0421/000/000/2022.

In the initial fortnight, chicks were administered a staple diet 
formulated from corn and soybean meal sourced from Rações 
Veríssimo S. A. (Leiria, Portugal). Following this phase, from day 14 
through day 35, they transitioned to one of four distinct experimental 
diets furnished ad libitum daily. These diets encompassed: (1) a 
standard diet predicated on corn and soybean meal (CTR); (2) a diet 
fortified with 15% Spirulina powder (procured from Allmicroalgae, 
Pataias, Portugal) (SP); (3) a diet containing 15% extruded Spirulina 
powder (SPE); and (4) a diet supplemented with 15% Spirulina 
powder alongside a tailored enzyme blend, constituted by 0.20% 
porcine pancreatin extract (sourced from Merck, Darmstadt, 
Germany) and 0.01% lysozyme extracted from chicken egg white 
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(sourced from Sigma-Aldrich, Missouri, United States) (SPM). The 
microalga extrusion was performed by Sparos company (Olhão, 
Portugal), following detailed conditions: 340 mL of water addition per 
minute, at 34 bars and 118°C for the last extrusion barrel. This 
procedure occurred from 3 to 7 s. Then, the algal pellets were dried for 
8 and 10 min at 120°C (12, 13). The encapsulated porcine pancreatin 
extract comprised 350 FIP-U/g of protease, 6,000 FIP-U/g of lipase, 
and 7,500 FIP-U/g of amylase. Lysozyme powder contained 70,000 U/
mg protein. A detailed composition of the feed constituents and 
additives for each experimental diet is provided in Table 1. During the 
trial, a 2.5% mortality was observed (three animals of 120 in total).

Weekly assessments were conducted to record the weights of 
broilers and feeders, with daily feed provisioning to compute the 
parameters of body weight gain (BWG) (ascertained by the weekly 
weight differential divided by 7), average daily feed intake (ADFI) 
(calculated as weekly consumption per cage, divided by 7) and the 
feed conversion ratio (FCR) (the quotient of weekly consumption 
divided by 3 and weekly body weight gain).

2.2 Analysis of microalga and experimental 
diets

Table 2 shows the proximal composition of the microalga and the 
experimental diets offered to broilers from day 14 to 35. The 
assessment of dry matter, crude protein, crude fat, and ash content was 
conducted in adherence to the methodologies stipulated by AOAC 
(24). The quantification of gross energy content within both the 
microalga and the diets was executed employing an adiabatic bomb 
calorimetry (Parr 1,261, Parr Instrument Company, Moline, IL).

The fatty acid composition in A. platensis and the experimental 
diets was done after a singular extraction and acidic methylation step, 
aligning with the method delineated by Sukhija and Palmquist (25). 
The resultant fatty acid methyl esters (FAME) were analyzed utilizing 
gas chromatography interfaced with a flame ionization detector 
(HP7890A Hewlett-Packard, Avondale, PA), deploying a Supelcowax® 
10 capillary column (30 m × 0.20 mm i.d., 0.20 μm film thickness, 

Supelco, Bellefonte, PA, United States), by the protocol advanced by 
Alfaia et  al. (26). Identification of FAME within the samples was 
achieved through juxtaposition with a standard FAME mixture (37 
Component FAME mix C4-C24, Supelco, Bellefonte, PA, USA). The 
heneicosanoic acid (21.0) methyl ester was enlisted as the internal 
standard for the quantification of individual fatty acids, with the fatty 
acid content articulated as a percentage of the total fatty acids.

The diterpenes and β-carotene within the experimental diets were 
assessed by adhering to the methodology delineated by Prates et al. 
(27). Duplicated samples, each weighing 0.1 g, were fortified with 
ascorbic acid (vitamin C) and underwent a saponification reaction in 
a water bath maintained at 80°C for 15 min. Following extraction and 
centrifugation (2,500 rpm, 10 min), the n-hexane phases were 
scrutinized utilizing an HPLC system (Agilent 1,100 Series, Agilent 
Technologies Inc., Palo Alto, CA, United  States) equipped with a 
normal-phase silica column (Zorbax RX-Sil, 5 μm particle size, 
250 mm × 4.6 mm i.d.). β-carotene was discerned employing a UV–
visible photodiode array detector (λ = 450 nm), while tocopherols and 
tocotrienols were identified with a fluorescence detector (excitation 
λ = 295 nm and emission λ = 325 nm). The quantification of β-carotene 
and analogs of vitamin E was facilitated through the utilization of 
standard curves correlating peak area to concentration.

The pigment profile of the experimental diets was ascertained 
with minor alterations to the protocols expounded by Hynstova et al. 
(28) and Pestana et  al. (3). Concisely, 0.1 g of samples were 
amalgamated with 5 mL of acetone, and homogenized in the dark, 
followed by centrifugation (2,500 rpm, 10 min) the supernatant was 
isolated and analysed. Chlorophylls a and b were detected at 
wavelengths of 662 nm and 645 nm, respectively, and total carotenoids 
at 470 nm using UV–Vis spectrophotometry (Genesys 150, Thermo 
Scientific, Waltham, Massachusetts, United  States). The pigment 
content was deduced employing equations provided by Hynstova 
et al. (28).

The mineral composition of A. platensis and experimental diets 
was deciphered by allocating 0.3 g of samples into a digestion tube, 
introducing nitric acid (65%) and hydrochloric acid (37%), and 
digesting at 95°C within a ventilated chamber for 16 h. Subsequently, 

TABLE 1 Ingredient composition of broiler experimental diets from day 14 to day 35 (%, as fed basis).

CTR SP SPE SPM

Corn 55.4 62.2 63.7 62.2

Soybean meal 36.9 18.6 17.3 18.6

Sunflower oil 4.10 1.00 0.80 1.00

Sodium chloride 0.40 0.40 0.41 0.40

Calcium carbonate 1.08 1.39 1.38 1.39

Dicalcium phosphate 1.60 0.90 0.92 0.90

DL-Methionine 0.12 0.03 0.04 0.03

L-Lysine 0.00 0.05 0.10 0.05

Vitamin-mineral premix1 0.40 0.40 0.40 0.40

Arthrospira platensis powder 0.00 15.0 0.00 15.0

Arthrospira platensis extruded powder 0.00 0.00 15.0 0.00

Enzyme mixture 0.00 0.00 0.00 0.21

CTR, corn and soybean meal-based diet; SP, 15% Spirulina; SPE, 15% extruded Spirulina; SPM, 15% Spirulina + 0.21% Enzyme mixture (0.20% porcine pancreatin + 0.01% lysozyme).
1Premix provided the following per kilogram of diet: pantothenic acid 10 mg, vitamin D3 2,400 IU, cyanocobalamin 0.02 mg, folic acid 1 mg, vitamin K3 2 mg, nicotinic acid 25 mg; vitamin B6 
2 mg, vitamin A 10000 UI, vitamin B1 2 mg, vitamin E 30 mg, vitamin B2 4 mg, Cu 8 mg, Fe 50 mg, I 0.7 mg, Mn 60 mg, Se 0.18 mg, Zn 40 mg.
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TABLE 2 Proximal and nutrient compositions of Arthrospira platensis and experimental diets offered to broilers from day 14 to 35.

Spirulina Extruded Spirulina CTR SP SPE SPM

Gross energy (kcal/kg as 

dry matter)

4,476 4,504 4,600 4,418 4,390 4,413

Proximate composition (% as dry matter)

Dry matter 94.8 98.4 87.9 88.4 89.0 88.7

Crude protein 52.6 53.7 24.1 23.0 23.5 23.5

Crude fat 6.56 5.81 7.56 5.15 4.82 5.06

Ash 21.6 21.3 6.29 8.19 8.44 8.47

Fatty acid composition (% total fatty acids)

14:0 0.43 0.39 0.072 0.11 0.11 0.11

16:0 39.7 49.5 9.74 20.2 16.7 17.2

16:1c9 4.95 4.34 0.12 0.73 0.87 0.81

17:0 0.41 0.45 0.063 0.15 0.13 0.12

17:1c9 1.88 1.60 0.00 0.22 0.29 0.24

18:0 1.75 1.68 3.41 3.12 2.32 2.62

18:1c9 6.34 5.32 29.1 25.0 26.6 25.9

18:2n-6 17.8 15.0 52.9 43.0 45.6 45.4

18:3n-3 15.8 12.0 1.15 2.94 3.46 3.30

20:0 0.189 0.20 0.53 0.67 0.43 0.52

20:1c11 0.91 0.029 0.19 0.20 0.21 0.20

22:0 0.247 0.29 0.99 0.65 0.35 0.53

Diterpene profile (μg/g)

α-Tocopherol 27.2 29.5 47.5 29.1 24.4 34.7

α-Tocotrienol n.d. n.d. 4.59 3.52 4.12 3.80

β -Tocopherol n.d. n.d. 0.55 0.35 0.30 0.35

γ-Tocopherol + 

β-tocotrienol
n.d. n.d. 6.44 5.59 6.47 5.86

γ-Tocotrienol n.d. n.d. n.d. n.d. n.d. n.d.

Pigments (μg/g dry matter)

Chlorophyll-a (Ca)1 866 1,467 13.3 472 209 494

Chlorophyll-b (Cb)2 191 1,189 23.5 91.7 167 81.2

Σ Chlorophylls (Ca + b)3 1,057 2,656 36.8 564 376 575

β-Carotene 243 78.0 0.96 48.4 23.9 55.0

Σ Carotenoids (Cx + c)4 243 154 3.06 117 43 126

Σ Chlorophylls and 

carotenoids (Ccc)5

1,300 2,810
39.8 681 419 701

Minerals (mg/kg dry matter)

Calcium (Ca) 42.8 32.2 13.5 16.7 16.9 17.5

Magnesium (Mg) 3.06 3.21 2.21 1.91 2.00 2.04

Phosphorous (P) 11.4 11.6 8.18 6.87 7.37 7.49

Potassium (K) 22.9 19.7 11.0 9.77 10.1 10.3

Sodium (Na) 34.2 25.7 5.55 8.85 9.60 9.41

Sulphur (S) 8.43 8.03 3.30 3.27 3.50 3.48

Copper (Cu) 0.010 0.006 0.014 0.013 0.012 0.010

Iron (Fe) 0.90 0.89 0.15 0.23 0.25 0.25

Manganese (Mn) 0.094 0.083 0.090 0.071 0.073 0.086

Zinc (Zn) 0.064 0.064 0.087 0.075 0.086 0.089

CTR, corn and soybean meal-based diet; SP, 15% Spirulina; SPE, 15% extruded Spirulina; SPM, 15% Spirulina +0.21% Enzyme mixture (0.20% porcine pancreatin +0.01% lysozyme).
n.d., not detected.
1Ca = 11.24 × A662 nm - 2.04 × A645 nm.
2Cb = 20.13 × A645 nm - 4.19 × A662 nm.
3Ca + b = 7.05 × A662 nm + 18.09 × A645 nm.
4Cx + c = (1,000 × A470 nm - 1.90 × Ca - 63.14 × Cb) / 214.
5Ccc = (Ca + b) + (Cx + c).
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hydrogen peroxide (30%) was added as outlined by Ribeiro et al. (29). 
The resultant solution was filtered and analysed employing Inductively 
Coupled Plasma  - Optical Emission Spectrometry (ICP-OES, 
iCAP 7,200 duo Thermo Scientific, Waltham, MA, United States), 
with mineral quantification achieved through standards and 
calibration curves.

2.3 Slaughtering and sample collection

At the end of the trial, in a room with specific conditions for 
slaughtering, one 35-day-old broiler, medium weight, from each pen 
was selected, for slaughter, using electrical stunning followed by 
manual exsanguination. Blood samples were collected (10 mL), on the 
same day, directly into Sarstedt tubes (Numbrecht, Germany), and 
were subsequently centrifuged to obtain plasma. Liver samples were 
collected, minced, vacuum-sealed, and stored at −20°C for future 
analysis. The remaining birds were euthanized as described above.

2.4 Analysis of blood cells and plasma 
metabolites

As articulated by Madeira et al. (19), red blood cells, white blood 
cells, and thrombocytes were enumerated employing Sysmex XN-10 
analysers (Sysmex Corporation, Kobe, Japan). The red blood cell tally 
was determined via the impedance variation method, after 
hydrodynamic focusing. Differential enumeration of white blood cells 
(%) was executed on blood smears, which were decolourized utilizing 
the May-Grünwald-Giemsa technique. Haemoglobin concentration 
was gauged photometrically, with sodium lauryl sulphate serving as 
the reagent.

Selected plasma metabolites, encompassing glucose, urea, 
creatinine, total protein and assorted lipid forms (triacylglycerols, 
TAG; total cholesterol; HDL-cholesterol; and LDL-cholesterol), in 
addition to enzymatic activities of alanine aminotransferase (ALT, EC 
2.6.1.2), aspartate aminotransferase (AST, EC 2.6.1.1), alkaline 
phosphatase (ALP, EC 3.1.3.1) and γ-glutamyltransferase (GGT, EC 
2.3.2.13) were ascertained employing diagnostic kits from Roche 
Diagnostics’ Modular Hitachi Analytical System (Mannheim, 
Germany). Formulas delineated by Friedewald et al. (30) and Covaci 
et al. (31) were applied for the computation of VLDL-cholesterol and 
total lipids, respectively. C-reactive protein levels were evaluated via 
immunoturbidimetry (Roche Diagnostics, Meylan, France). Primary 
electrolytes including Na+, K+ and Cl− were appraised through 
indirect potentiometry.

2.5 Analysis of total lipids and fatty acid 
composition in the liver

Total lipids were isolated from the lyophilized liver specimens, in 
duplicate, employing a solvent mixture of dichloromethane and 
methanol (2:1 v/v), and quantified via gravimetric analysis as per the 
protocol delineated by Folch et al. (32). The fatty acid composition 
within the liver specimens was deciphered akin to the methodology 
applied for A. platensis and the experimental diets. Nonetheless, a 
sequential process of alkaline followed by acidic transesterification 

was leveraged to convert the fatty acids into FAME, diverging 
from the sole acidic methylation procedure. The chromatographic 
conditions were congruent with the protocol formerly articulated by 
Alfaia et al. (26).

2.6 Determination of total cholesterol, 
diterpenes, and β-carotene in the liver

Duplicate liver specimens, each weighing 0.75 g, were employed 
for the extraction of total cholesterol, diterpenes and β-carotene, 
adhering to the identical procedure delineated for the experimental 
diets. This encompassed direct saponification, singular n-hexane 
extraction, and subsequent HPLC analysis as per the protocol detailed 
in Prates et al. (27).

For pigment extraction (encompassing chlorophyll-a, 
chlorophyll-b, and total carotenoids) from liver specimens, a slightly 
adapted version of the method deployed for the experimental diets 
was utilized. In brief, 1.5 g of liver tissue was amalgamated with 3 mL 
of acetone, followed by a 1-min homogenization in a darkened 
environment. Post-centrifugation (3,000 rpm for 5 min at 4°C), the 
supernatant was sequestered and examined under the conditions 
stipulated by Coelho et  al. (33). The pigment quantities were 
ascertained utilizing the equations presented by Hynstova et al. (28).

2.7 Determination of mineral profile in the 
liver

The hepatic mineral profile was gauged following the established 
procedure for the microalga and diets, except for bromide, whose 
determination was conducted as per the method expounded by 
Delgado et al. (34).

2.8 Statistical analysis

The dataset was subjected to analysis as a completely randomized 
design employing the Generalized Linear Mixed (GLM) model within 
the framework of the Statistical Analysis System (SAS) software (SAS 
Institute Inc., Cary, NC) (35). The experimental diet was the single 
fixed factor and the primary effect within the statistical model. The 
experimental unit was either the enclosure or the animal depending 
on the parameters under evaluation. The enclosure was designated for 
assessing body weight, body weight gain, average daily feed intake, 
and feed conversion ratio, while the individual bird was the unit of 
analysis for the remaining parameters (plasma metabolites, and 
comprehensive hepatic parameters). The data was tested for the 
homogeneity of variances using Levene’s test, and for normality using 
the Shapiro–Wilk test. For multiple comparisons among least squares 
means, the adjusted Tukey–Kramer approach (PDIFF option) was 
invoked. All values were articulated as the mean along with the SEM 
(standard error of the mean). A threshold of p-values less than 0.05 
was established for the determination of statistical significance.

To explore the interrelations between blood parameters and 
hepatic variables, a Principal Component Analysis (PCA) was 
conducted utilizing the SPSS Statistics for Windows software suite 
(IBM Corp., 2020 release, version 27.0, Armonk, NY, United States).
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3 Results

3.1 Effect of experimental diets on birds’ 
performance and feed intake

The investigation into the growth performance of broiler chickens 
under different treatments is presented in Figure 1 for contextual 
purposes. This assessment covered the period from days 14 to 35 of 
the chickens’ development. The findings showed that diets containing 
solely Spirulina (SP) and Spirulina combined with the enzyme mix 
(SPM) significantly reduced the final body weight (BW) of the birds, 
compared to the control diet. However, no significant differences in 
final BW were observed between the group fed extruded Spirulina 
(SPE) and the control group. A similar pattern emerged in the body 
weight gain (BWG) metrics, with the SPE diet showing results 
comparable to the control group, distinctly different from the SP and 
SPM diets. In terms of average daily feed intake (ADFI), an interesting 
increase was noted in the SPE group compared to the SP diet. 
Regarding the feed conversion ratio (FCR), all groups incorporating 
Spirulina led to an increase in FCR relative to the control, signifying 
a decrease in feed efficiency.

3.2 Effect of experimental diets on 
haematological and biochemical profile

Blood cell count and plasma metabolites from broilers fed 15% of 
A. platensis, either exclusively, or when Spirulina is extruded or 
combined with an enzyme blend (pancreatin and lysozyme) are 
displayed in Table  3. The counts for white blood cells (p = 0.702), 
granulocytes (p = 0.769), lymphocytes (p = 0.741), monocytes 

(p = 0.473), red blood cells (p = 0.377), thrombocytes (p = 0.708), and 
also haemoglobin (p = 0.062) were not affected by diets.

Concerning plasma metabolites, glucose levels reached the highest 
levels in broilers fed SPM, intermediate in SP or SPE, and lowest in 
broilers fed the control diet (p = 0.021). Urea was reduced in broilers 
fed SP and SPE relative to the control and SPM (p < 0.001). The renal 
function was further assessed by creatinine which displayed the highest 
values in broilers fed SPE and SPM (p < 0.001). Consistently, the SP diet 
increased lipid parameters which were reduced by the enzyme mixture 
supplementation for cholesterol (p < 0.001), LDL-cholesterol (p < 0.001), 
VLDL-cholesterol (p < 0.001), triacylglycerols (p < 0.001), and total 
lipids (p < 0.001). In terms of liver function, AST was reduced by 
Spirulina-based diets (p < 0.001) even if ALT was unchanged (p = 0.753) 
across dietary treatments. ALP (p < 0.001) and GGT (p = 0.002) were 
increased by the SP diet when compared to the other dietary 
treatments. Total proteins were kept unchanged across diets (p = 0.358). 
The SPE diet reduced the acute phase C-reactive protein about the 
other three dietary treatments (p = 0.002). In assessing the major 
electrolytes, sodium (p < 0.001) and chloride (p < 0.001) were reduced 
by the SPM diet relative to the other dietary treatments. Conversely, no 
significant changes were observed for potassium (p = 0.104).

3.3 Effect of experimental diets on hepatic 
total lipids, cholesterol, and fatty acid 
composition

The hepatic lipid profile and fatty acid composition from broilers 
fed 15% of A. platensis, either exclusively, or when Spirulina is 
extruded or combined with an enzyme blend (lysozyme and porcine 
pancreatin) are displayed in Table 4. A decline was observed in total 

FIGURE 1

Impact of dietary treatments on broilers´ growth performance: (A) Final body weight (g); (B) Body weight gain (g/day); (C) Average daily feed intake (g); 
(D) Feed conversion ratio. CTR, corn and soybean meal-based diet; SP, 15% Spirulina; SPE, 15% extruded Spirulina; SPM, 15% Spirulina +0.21% enzyme 
mixture (0.20% porcine pancreatin +0.01% lysozyme). Values are shown as mean  ±  SEM (standard error of the mean). a,b,cDifferent superscripts within a 
row indicate a significant difference (p  <  0.05).
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lipids (p = 0.003) among broilers administered either Spirulina solely 
or in its extruded state, contrasting with a diminution in cholesterol 
levels within the control group (p < 0.001). Although the aggregate of 
saturated fatty acids (SFA) remained invariant across the dietary 
regimes (p > 0.05), certain specific fatty acids such as lauric acid (12:0) 
saw an elevation in levels among broilers subjected to the extruded 
Spirulina diet (p = 0.015), while palmitic acid (16.0) and arachidic acid 
(20.0) levels were augmented in scenarios where extruded Spirulina 
or Spirulina coupled with enzymes were administered (p = 0.009 and 
p = 0.005, respectively).

The monounsaturated fatty acid (MUFA) aggregation peaked in 
broilers fed Spirulina along with the enzyme concoction, exhibited 
intermediate values in those fed solely Spirulina or the control diet, 
and plummeted to the lowest in those administered extruded Spirulina 
(p = 0.047). This pattern was predominantly driven by fluctuations in 
the levels of predominant fatty acid oleic acid (18:1c9) (p = 0.031), and 
minor fatty acids palmitoleic acid (16:1 c9) and vaccenic acid (18:1c11) 
(p = 0.006). Conversely, an inversely proportional trend was depicted 

in the total polyunsaturated fatty acids (PUFA) content (p = 0.035), 
and specifically the n-6 PUFA subcategory (p = 0.018), attributable 
largely to the proportions of linoleic acid (18:2n-6) (p = 0.006) and 
eicosadienoic acid (20:2n-6) (p < 0.001).

Furthermore, an elevation of total n-3 PUFA was noted in broilers 
fed extruded Spirulina, followed by those supplemented with Spirulina 
and enzymes (p < 0.001), in comparison to the control group. This 
ascension culminated in a notable reduction in the n-6/n-3 ratio 
(p < 0.001), particularly pronounced in the SPE diet. All individual n-3 
fatty acids recorded an uptick under the Spirulina-based diets 
(p < 0.001) relative to the control.

3.4 Effect of experimental diets on hepatic 
diterpene profile and pigments

Table  5 shows the hepatic diterpene profile and pigment 
composition from broilers fed 15% of A. platensis, either exclusively, 

TABLE 3 Haematological and biochemical profiles of broilers fed the experimental diets.

CTR SP SPE SPM SEM P-value

White blood cells (×109/L) 5.50 8.22 4.98 6.92 2.15 0.702

Granulocytes (%) 43.3 45.8 42.4 47.3 4.77 0.769

Lymphocytes (%) 53.7 53.0 56.6 51.7 4.28 0.741

Monocytes (%) 1.33 1.00 1.00 1.00 0.192 0.473

Red blood cells (×1012/L) 2.93 3.55 3.79 3.39 0.368 0.377

Haemoglobin (g/dL) 9.22 10.1 10.2 9.82 0.276 0.062

Thrombocytes (×109/L) 22.7 22.2 25.6 23.7 2.23 0.708

Glucose (mg/dL) 248b 251ab 256ab 260a 2.78 0.021

Urea (mg/dL) 1.88a 1.60b 1.27c 1.90a 0.071 <0.001

Creatinine (mg/dL) 0.008b 0.009b 0.018a 0.016a 0.002 <0.001

Cholesterol (mg/dL) 96.5b 114a 112a 98.4b 2.07 <0.001

LDL-cholesterol (mg/dL) 12.4b 22.5a 20.3a 15.1b 0.730 <0.001

HDL-cholesterol (mg/dL) 71.4a 67.6ab 70.9ab 66.6b 1.24 0.020

VLDL-cholesterol (mg/dL) 9.70d 18.3a 15.6b 12.4c 0.648 <0.001

Triacylglycerols (mg/dL) 48.5d 91.4a 78.1b 62.0c 3.24 <0.001

Total lipids (mg/dL) 392b 468a 451a 409b 5.28 <0.001

ALT (U/L) 1.10 1.20 1.20 1.30 0.131 0.763

AST (U/L) 245a 180b 175b 163b 6.08 <0.001

GGT (U/L) 22.1bc 26.6a 24.2ab 19.3c 1.04 0.002

ALP (U/L) 1581b 1705a 1543b 1493b 24.9 <0.001

Total protein (g/dL) 2.44 2.80 2.50 2.54 0.152 0.358

C-reactive protein (mg/dL) 0.008a 0.008a 0.002b 0.007a 0.0013 0.002

Na+ (mEq/L) 148a 148a 151a 144b 0.818 <0.001

K+ (mEq/L) 6.51 6.28 5.84 6.45 0.204 0.104

Cl− (mEq/L) 111ab 110b 113a 105c 0.803 <0.001

CTR: corn and soybean meal-based diet; SP: 15% Spirulina; SPE: 15% extruded Spirulina; SPM: 15% Spirulina +0.21% Enzyme mixture (0.20% porcine pancreatin +0.01% lysozyme).
TAG, triacylglycerols; HDL, high-density lipoproteins; LDL, low-density lipoproteins; VLDL, very low-density lipoproteins; ALT, alanine aminotransferase (EC 2.6.1.2); AST, aspartate 
aminotransferase (EC. 2.6.1.1); ALP, alkaline phosphatase (EC 3.1.3.1); GGT, glutamyltransferase (EC 2.3.2.13).
Total lipids = [total cholesterol] × 1.12 + [TAG] × 1.33 + 148, as described by Covaci et al. (31).
VLDL-CHR = 1/5 [TAG], as described by Friedewald et al. (30).
SEM, standard error of the mean.
a.b,c,dDifferent superscripts within a row indicate a significant difference (p < 0.05).
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TABLE 4 Hepatic total lipids, total cholesterol and fatty acid composition of broilers fed experimental diets.

CTR SP SPE SPM SEM P-value

Total lipid (g/100 g) 2.73a 2.26b 2.34b 2.55ab 0.089 0.003

Total cholesterol (mg/g) 1.67b 2.47a 2.35a 2.30a 0.108 <0.001

Fatty acid composition (g/100 -g FA)

12:0 0.015b 0.019ab 0.024a 0.018ab 0.002 0.015

14:0 0.24 0.20 0.22 0.27 0.024 0.337

14:1c9 0.015 0.018 0.021 0.025 0.004 0.259

15:0 0.047 0.058 0.054 0.054 0.004 0.269

16:0 19.5b 20.7ab 21.7a 21.5a 0.477 0.009

16:1c7 0.40 0.32 0.33 0.37 0.035 0.416

16:1c9 0.58b 0.98ab 1.09ab 1.19a 0.147 0.031

17:0 0.22 0.30 0.25 0.29 0.022 0.061

17:1c9 0.004 0.003 0.006 0.004 0.002 0.553

18:0 23.3 22.4 21.5 21.2 0.554 0.046

18:1c9 15.6ab 13.5b 15.2ab 18.8a 1.23 0.031

18:1c11 1.11b 1.44a 1.37ab 1.45a 0.070 0.006

18:2n-6 18.6a 17.0ab 16.3b 15.8b 0.563 0.006

18:3n-6 0.048 0.045 0.042 0.041 0.003 0.367

18:3n-3 0.063c 0.13b 0.20a 0.16ab 0.013 <0.001

20:0 0.086b 0.10ab 0.10a 0.10a 0.004 0.005

20:1c11 0.25 0.29 0.25 0.30 0.016 0.056

20:2n-6 0.91a 0.63b 0.54b 0.52b 0.049 <0.001

20:3n-6 2.19 2.56 2.40 2.33 0.150 0.371

20:4n-6 12.3 14.0 13.0 11.1 0.756 0.063

20:3n-3 0.019b 0.036a 0.040a 0.031ab 0.003 0.000

20:5n-3 0.039c 0.22b 0.32a 0.22b 0.017 <0.001

22:0 0.060 0.060 0.063 0.057 0.003 0.464

22:1n-9 0.025b 0.049a 0.035ab 0.031b 0.004 0.003

22:2n-6 0.015 0.023 0.030 0.019 0.006 0.257

22:5n-3 0.21c 0.56ab 0.69a 0.47b 0.042 <0.001

22:6n-3 0.52b 0.96a 0.96a 0.69ab 0.074 0.000

Others 3.58 3.34 3.16 3.04 0.247 0.442

Partial sums of fatty acids (% of total fatty acids)

Σ SFA 43.4 43.9 44.0 43.5 0.561 0.871

Σ MUFA 18.0ab 16.6b 18.3ab 22.2a 1.41 0.047

Σ PUFA 34.9ab 36.2a 34.6ab 31.3b 1.17 0.035

Σ n-6 PUFA 34.1a 34.3a 32.4ab 29.7b 1.08 0.018

Σ n-3 PUFA 0.85c 1.90ab 2.22a 1.56b 0.105 <0.001

Nutritional ratios of fatty acids

PUFA/SFA 0.81 0.83 0.79 0.72 0.028 0.063

n-6/n-3 41.4a 18.2bc 15.0c 19.4b 1.08 <0.001

CTR, corn and soybean meal-based diet; SP: 15% Spirulina; SPE: 15% extruded Spirulina; SPM: 15% Spirulina +0.21% Enzyme mixture (0.20% porcine pancreatin +0.01% lysozyme).
SFA = sum of (12:0, 14:0, 15:0, 16:0, 17:0, 18:0, 20:0 and 22:0).
MUFA = sum of (14:1c9, 16:1c7, 16:1c9, 17:1c9, 18:1c9, 18:1c11, 20:1c11 and 22:1n-9).
PUFA = sum of (18:2n-6, 18:3n-6, 18:3n-3, 20:2n-6, 20:3n-6, 20:4n-6, 20:3n-3, 20:5n-3, 22:2n-6, 22:5n-3 and 22:6n-3).
n-6 PUFA = sum of (18:2n-6, 18:3n-6, 20:2n-6, 20:3n-6, 20:4n-6 and 22:2n-6).
n-3 PUFA = sum of (18:3n-3, 20:3n-3, 20:5n-3, 22:5n-3 and 22:6n-3).
SEM - standard error of the mean.
a.b,c Different superscripts within a row indicate a significant difference (P < 0.05).
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or when Spirulina is extruded or combined with an enzyme blend 
(lysozyme and porcine pancreatin). In examining the diterpene 
profile, β-carotene, a precursor of vitamin A, was discerned in the liver 
of broilers across all experimental diets, albeit with no significant 
changes among treatments. Conversely, a noteworthy reduction in 
α-tocopherol levels was observed in birds receiving Spirulina-
supplemented diets (p < 0.001). This decrement was pronounced 
irrespective of whether Spirulina was extruded or complemented with 
the enzyme blend. Similarly, the aggregate levels of γ-tocopherol and 
β-tocotrienol exhibited a significant decrease in the Spirulina-fed 
treatments compared to the control (p < 0.001). α-Tocotrienol levels 
presented a marginal variance across treatments, nearing the threshold 
of significance (p = 0.052).

Regarding pigments, the data manifested a marked elevation in 
chlorophyll-a, total chlorophylls, total carotenoids, and the sum of 
total chlorophylls plus carotenoids in the liver of broilers under all 
Spirulina-inclusive diets (p < 0.001). These enhancements were 
consistently, unaffected by the extrusion of Spirulina or the 
supplementation of the enzyme blend. Remarkably, chlorophyll-b 
levels were doubled in birds fed solely on Spirulina in comparison to 
those on the control diet (p = 0.031).

3.5 Effect of experimental diets on hepatic 
mineral profile

The mineral profile in the liver of broilers fed 15% of A. platensis, 
either exclusively, or when Spirulina is extruded or combined with an 
enzyme blend (pancreatin and lysozyme) is displayed in Table  6. 
Among the observed minerals, manganese (Mn) emerged as a distinct 
element displaying a significant uptick in levels in broilers nourished 
with either extruded Spirulina or Spirulina supplemented with the 
enzyme concoction, as compared to the control group (p = 0.008).

Contrary to the Mn dynamics, the remainder of the micro and 
macrominerals, both on an individual basis and cumulatively, 
maintained a steady state across all experimental factions (p > 0.05). 
The macro-mineral cadre, encompassing calcium (Ca), magnesium 
(Mg), phosphorous (P), potassium (K), sodium (Na) and sulphur (S), 
alongside the micro-mineral consortium of copper (Cu), iron (Fe) and 
zinc (Zn), showcased remarkable stability.

3.6 Principal component analysis of plasma 
and liver composition

The Principal Component Analysis (PCA) was performed using 
variables of broilers’ plasma metabolites and hepatic lipids showed 
distinct variability patterns across dietary treatments (Figure 2).

Figure 2A represents the dietary treatments distributed according 
to the variability of plasma metabolites´ data. The first two factors 
covered 47.0% of the total variance (31.5% for Factor 1, and 15.5% for 
Factor 2) leading to a clear separation of treatments. The SPM group 
was mostly represented in quadrant (a), the control in quadrant (c), 
and SP and SPE treatments in quadrants (b) and (d). In addition, 
Figure 2B plots the treatments based on hepatic chemical composition. 
The first two factors covered 39.4% of the total variance (22.9% for 
Factor 1, and 16.5% for Factor 2) forming two clusters. These 
corresponded to the control positioned in quadrants (a) and (c), and 
Spirulina-containing treatments located in quadrants (b) and (d). The 
variables of plasma metabolites with a higher discrimination power 
were total lipids (0.96), LDL-cholesterol (0.92), cholesterol (0.91), 
VLDL-cholesterol (0.83) and triacylglycerols (0.83), for Factor 1; and 
HDL-cholesterol (−0.76), AST (−0.59), VLDL-cholesterol (0.45), 
triacylglycerols (0.45), urea (0.43), K+ (0.38) and C-reactive protein 
(0.33), for Factor 2 (Table 7). The hepatic variables with the most 
discriminant power were α-tocopherol (−0.93), 20:5n-3 (0.83), total 

TABLE 5 Hepatic diterpene profile and pigments of broilers fed experimental diets.

CTR SP SPE SPM SEM P-value

Diterpene profile (μg/g)

α-Tocopherol 23.9a 7.22b 7.09b 6.26b 0.992 <0.001

γ-Tocopherol + β-tocotrienol 0.11a 0.05b 0.06b 0.05b 0.006 <0.001

α-Tocotrienol 0.22 0.18 0.25 0.18 0.020 0.052

Pigments (μg/100 g)

β-Carotene n.d. 25.0 23.2 19.6 2.93 0.408

Chlorophyll-a (Ca)1 7.71c 34.8a 24.1b 26.5ab 2.28 <0.001

Chlorophyll-b (Cb)2 15.5b 31.6a 26.4ab 24.9ab 3.80 0.031

Σ Chlorophylls (Ca + b)3 24.4b 66.4a 50.6a 51.4a 5.43 <0.001

Σ Carotenoids (Cx + c)4 177b 1113a 1033a 958a 77.8 <0.001

Σ Chlorophylls and carotenoids 

(Ccc)5

201b 1179a 1084a 1009a 78.1 <0.001

CTR, corn and soybean meal-based diet; SP, 15% Spirulina; SPE, 15% extruded Spirulina; SPM, 15% Spirulina +0.21% Enzyme mixture (0.20% porcine pancreatin +0.01% lysozyme).
SEM, standard error of the mean.
n.d., not detected.
1Ca = 11.24 × A662 nm - 2.04 × A645 nm.
2Cb = 20.13 × A645 nm - 4.19 × A662 nm.
3Ca + b = 7.05 × A662 nm + 18.09 × A645 nm.
4Cx + c = (1,000 × A470 nm - 1.90 × Ca - 63.14 × Cb) / 214.
5Ccc = (Ca + b) + (Cx + c).
a.bDifferent superscripts within a row indicate a significant difference (p < 0.05).
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carotenoids (0.81), γ-tocopherol+ β-tocotrienol (−0.78), β-carotene 
(0.77), chlorophyll-a (0.77), 22:5n-3 (0.75) and 18:3n-3 (0.74) for 
Factor 1; and 18:1c9 (−0.94), 20:4n-6 (0.87), 16:1c9 (−0.75), 14:1c9 
(−0.74) and 18:0 (0.71) for Factor 2.

4 Discussion

The birds’ zootechnical data presented here resonates with the 
existing literature, attending that the performance of broilers is 
influenced by multiple factors encompassing the level of microalgae 
in the diet, the feeding period duration and the broilers’ efficacy in 
digesting microalgae’s cell walls. Park et  al. (2) in a prior study 

illustrated that a modest dietary inclusion of A. platensis (ranging 
from 0.25 to 1.0%) over 35 days ameliorated feed efficiency in broiler 
chickens. Contrarily, our preceding investigation revealed a decline in 
final BW and BWG, along with an uptick in FCR, in birds fed 15% 
A. platensis diet, either alone or coupled with exogenous enzymes, 
over 21 days (3). The current endeavor, employing the identical 15% 
A. platensis dietary level, with or without commercial enzyme blends 
enriched with peptidases (VemoZyme P and porcine pancreatin), 
underscored a detrimental impact on broilers’ growth performance 
post 4 weeks of feeding, through diminished final BW, BWG and 
ADFI, coupled with augmented FCR. This trend was consistent 
throughout the experimental span, highlighting a notable impact of 
these diets on broiler growth performance. Nevertheless, the group 

TABLE 6 Hepatic mineral profile of broilers fed experimental diets.

CTR SP SPE SPM SEM P-value

Macrominerals (mg/100 g)

Calcium (Ca) 19.9 21.6 20.7 22.5 1.17 0.452

Magnesium (Mg) 23.6 22.8 22.1 23.1 0.406 0.075

Phosphorous (P) 331 319 330 321 6.81 0.523

Potassium (K) 362 350 350 352 3.89 0.120

Sodium (Na) 172 176 174 177 4.58 0.842

Sulphur (S) 213 204 207 204 3.12 0.147

Σ macrominerals 1,121 1,094 1,104 1,100 11.0 0.349

Microminerals (mg/100 g)

Copper (Cu) 0.30 0.29 0.30 0.31 0.019 0.902

Iron (Fe) 36.6 29.4 36.6 42.4 6.98 0.631

Manganese (Mn) 0.25b 0.30ab 0.31a 0.31a 0.014 0.008

Zinc (Zn) 2.02 2.05 2.10 2.23 0.093 0.417

Σ Microminerals 39.1 32.0 39.3 45.2 6.98 0.620

Σ Macro and microminerals 1,160 1,126 1,143 1,145 13.3 0.346

CTR, corn and soybean meal-based diet; SP, 15% Spirulina; SPE, 15% extruded Spirulina; SPM, 15% Spirulina +0.21% Enzyme mixture (0.20% porcine pancreatin +0.01% lysozyme).
SEM, standard error of the mean.
a.bDifferent superscripts within a row indicate a significant difference (P < 0.05).

FIGURE 2

Principal component analysis of plasma metabolite profile (A) and hepatic biochemical composition (B) of dietary treatments. CTR, corn and soybean 
meal-based diet; SP, 15% Spirulina; SPE, 15% extruded Spirulina; SPM, 15% Spirulina +0.21% enzyme mixture (0.20% porcine pancreatin +0.01% 
lysozyme).
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TABLE 7 Loadings of the first two principal components of plasma metabolites and hepatic chemical composition.

Plasma metabolites Liver

Variables Factor 1 Factor 2 Variables Factor 1 Factor 2

Total lipids 0.96 0.18 20:5n-3 0.83 −0.022

LDL-cholesterol 0.92 0.06 Total carotenoids 0.81 0.08

Cholesterol 0.91 −0.11 β-Carotene 0.77 0.14

VLDL-cholesterol 0.83 0.45 Chlorophyll-a 0.77 −0.004

TAG 0.83 0.45 22:5n-3 0.75 0.45

GGT 0.60 −0.13 18:3n-3 0.74 0.08

Na+ 0.45 −0.63 20:3n-3 0.66 0.38

ALP 0.39 0.11 Cholesterol 0.65 0.37

Cl− 0.35 −0.67 20:00 0.63 −0.22

Total protein 0.32 0.05 16:00 0.53 −0.54

HDL-cholesterol 0.18 −0.76 22:6n-3 0.53 0.63

Creatinine 0.15 0.27 18:1c11 0.50 −0.39

Glucose 0.021 0.12 12:00 0.48 −0.19

ALT −0.08 0.09 16:1c9 0.45 −0.75

C-reactive protein −0.29 0.33 Chlorophyll-b 0.45 −0.19

K+ −0.30 0.38 Manganese 0.43 0.29

AST −0.40 −0.59 22:1n-9 0.42 0.27

Urea −0.61 0.43 22:2n-6 0.41 −0.014

15:00 0.34 0.44

17:00 0.33 0.56

14:1c9 0.29 −0.74

20:1c11 0.24 −0.24

20:3n-6 0.24 0.05

Zinc 0.20 −0.03

Calcium 0.18 0.10

Sodium 0.10 0.15

20:4n-6 0.068 0.87

Copper 0.06 −0.056

Iron 0.06 −0.30

22:00 0.03 0.55

17:1c9 0.024 0.18

18:1c9 −0.001 −0.94

14:00 −0.023 −0.57

18:3n-6 −0.13 0.14

Phosphorous −0.19 0.01

16:1c7 −0.23 −0.23

α-Tocotrienol −0.26 −0.29

Sulphur −0.32 0.29

Potassium −0.37 −0.22

18:00 −0.38 0.71

Magnesium −0.38 0.15

18:2n-6 −0.49 0.56

Total lipids −0.50 −0.62

20:2n-6 −0.69 0.54

γ-Tocopherol +

β-tocotrienol

−0.78 0.02

α-Tocopherol −0.93 0.08

ALP, alkaline phosphatase (EC 3.1.3.1); ALT, alanine aminotransferase (EC 2.6.1.2); AST, aspartate aminotransferase (EC. 2.6.1.1); GGT, gamma-glutamyltransferase (EC 2.3.2.13); LDL, low 
density lipoproteins; TAG, triacylglycerols; VLDL, very low-density lipoproteins.
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fed with extruded Spirulina changed the impairment of growth 
performance associated with Spirulina-fed treatments leading to 
superior values for BW final and BWG (14 to 35d), which were 
equivalent to those found with the control diet. The extrusion process 
is not clearly understood but the disruption of microalga’s cell walls 
may, therefore, enhance bioavailability, with the release of important 
proteins, like phycocyanins. An improvement in bioavailability could 
facilitate more efficient hydrolysis by the broilers’ endogenous 
digestive enzymes, thus enhancing the absorption and consequent 
utilization of the nutrients, especially proteins, contributing to an 
improvement in broilers’ growth performance. Becker (36) 
propounded a cap of 10% microalgae inclusion in poultry diets to 
avert prospective adverse outcomes like elevated FCR over prolonged 
durations. The adverse bird performance with higher Spirulina levels 
could be ascribed to protein gelation, potentially impeding amino acid 
absorption and augmenting viscosity (11). Moreover, the robust 
protein content in Spirulina (50 to 70%) might exhibit resistance to 
the proteolytic action of birds’ endogenous peptidases (37). The 
attempt to mitigate this decline in animal growth performance via 
exogenous peptidase supplementation did not yield positive outcomes. 
A previous study in cockerels (21) also described an absence of effects 
on animal growth performance of a commercial super-dosed 
pancreatin (250 to 1,000 mg/kg) incorporated in a standard diet, 
although an improvement in gut morphology was detected. 
Conversely, studies in broilers showed a decrease in feed conversion 
ratio (22) and an increase in nutrient digestibility (23) when feeding 
similar levels (350 to 1,000 mg/kg) of a super-dosed enzyme blend 
added to the staple diet. However, none of the studies tested the effect 
of pancreatin on dietary microalgae. In the present study, the double 
amount of pancreatin (2000 mg/kg) was used in an attempt to 
maximize the hydrolysis of Spirulina compounds, but the impact of 
such enzyme blend on other microalgae suitable for broilers was not 
assessed, which would be interesting to pursue. Although A. platensis, 
being oligosaccharide-rich, is touted for its prebiotic potential which 
could modulate gut fermentation, this effect did not offset the adverse 
impact on body weight and ADG in this study; hence failing to 
prevent growth impairment (38). This casts light on the imperative for 
a more profound comprehension of dietary repercussions and nutrient 
utilization dynamics in broilers, to better harness the nutritional 
prowess of A. platensis while averting detrimental growth impacts.

A. platensis at a high level of dietary incorporation promoted no 
significant changes in blood cell counts, suggesting the maintenance 
of haematological homeostasis. This result is not aligned with 
Sugiharto et al. (39) findings which reported a significant reduction in 
haemoglobin values, erythrocytes and haematocrit in birds fed 1% of 
A. platensis during 35 days. Several studies reported an immune 
response balance induced by A. platensis (39–41). In a previous report 
by this research team (Lopes et al., unpublished data) using 15% of 
A. platensis in broiler chickens’ diet, we observed that while white 
blood cell count remained unchanged across diets, distinct variations 
in granulocyte and lymphocyte counts were depicted. The shift in 
monocyte count mirrored one of the lymphocytes. White blood cells 
are a part of the immune system protecting the body from infection. 
These cells circulate through the bloodstream and tissues to respond 
to injury or illness by attacking any unknown organisms that enter the 
body. Anomalies in their count point toward the onset of infectious or 
inflammatory diseases, leukaemia, lymphoma and bone marrow 
disorders (42). More recently, much attention has been directed to the 

immunomodulatory effects of Spirulina when applied as a poultry 
feed additive highlighting its potential to increase disease resistance 
and improve growth rates, particularly under stress conditions (40).

The animal’s clinical state and physical condition can be easily 
perceived by systemic biochemical parameters (43). In this study, 
we observed that the inclusion of dietary A. platensis at a high-level 
increased glucose levels in birds fed the enzyme mixture relative to the 
reference diet. This finding is most probably associated with the 
carbohydrate-rich composition of A. platensis (44, 45). Interestingly, 
while creatinine levels were enhanced by Spirulina extruded or 
combined with enzymes, a significant reduction in urea was observed 
in birds fed A. platensis, individual or extruded relative to the other 
treatments. This may suggest that A. platensis did not jeopardize renal 
function. In addition, reduced urea levels in birds fed the microalga 
could be  a consequence of its lower protein digestibility. Often, 
common electrolytes such as sodium and potassium are associated 
with renal failure disorders (46). The kidney plays a pivotal role in 
maintaining the body’s chloride balance and transport, which is 
closely associated with sodium transport (47). Even though statistically 
significant, the variations observed in plasmatic sodium and chloride 
values, which were consistently reduced by A. platensis in combination 
with an enzyme mixture, are not relevant from a physiological point 
of view. In line with these findings, the element potassium did not vary 
among dietary treatments. Regarding the assessment of the hepatic 
function except for ALT, which displayed no changes across 
experimental treatments, the variations observed for AST, ALP and 
GGT enzymatic activities remained within reference figures for birds 
(33, 48, 49). This fact allows us to conclude that liver function is 
unaltered even if small changes were detected for certain 
aminotransferases. As so, by combining hepatic and renal data, 
incorporating A. platensis into the diets did not impose any 
toxicological hazard to birds underlining this microalga potential as a 
dietary ingredient for broiler livestock production.

The plasma lipid profile was largely influenced by diets. Our study 
does not support the cholesterol and lipid-lowering properties of 
A. platensis when provided individually, as previously reported for 
other microalgae species (50). A consistent pattern of increased total 
cholesterol, LDL-cholesterol, VLDL-cholesterol, triacylglycerols and 
total lipids was found when Spirulina was administered as an 
individual supplement. To the best of our knowledge, this lipemic 
boost is due to Spirulina addition and may be accountable to enhanced 
fat absorption in the intestinal tract (50). Notwithstanding, for most 
of these lipid parameters a counterbalanced hypolipidemic effect was 
detected for the combination of pancreatin with lysozyme reaching 
levels near to those observed in control birds. Total proteins in plasma 
were kept unchanged across experimental diets, even if an increase 
was expected in broilers fed A. platensis diets. Spirulina is a rich source 
of protein with protein levels varying from 50 to 70% (37), turning this 
microalga into a putative alternative for conventional protein sources, 
such as the traditional soybean meal (51–53). Moreover, the 
statistically significant differences observed for the acute phase 
protein, C-reactive protein, are devoid of physiological meaning 
because the average values found among dietary treatments were 
similar and followed by a residual standard error. The impacts of 
applying dietary A. platensis at a level of incorporation above 10%, as 
the 15% used herein, are scarce. The origin of discrepancies found 
between our study and the literature are determinant key factors, 
including dosage and source of the microalga, the experimental trial 
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extension and specific conditions. Moreover, the main constituents of 
the microalgae biomass are highly dependent on microalga strain, 
geographical location, harvesting time of the year, and cultivation 
conditions (5, 28).

The liver, being the primary lipogenic tissue in poultry, is essential 
in shaping the fatty acid profile of broilers (54). Our experimental data 
delineates several nuanced interactions between the dietary inclusion 
of A. platensis and hepatic lipid profiles in broilers. The alteration in 
total lipids and cholesterol as observed in this study aligns with 
existing literature in which dietary supplementation with microalgae 
like Spirulina has been shown to modulate lipid metabolism in 
broilers, often leading to a reduction in total lipids (40). The cholesterol 
incremented in treatments fed Spirulina-based diets corroborates 
findings from other studies (3, 55). The unchanged sum of SFA across 
dietary treatments, despite the increment in certain individual SFAs, 
is an intriguing outcome. This finding is somewhat divergent from the 
literature in which microalgae supplementation has been associated 
with a decrease in SFAs due to its PUFA-rich profile (56). The elevation 
of MUFA in treatments fed Spirulina with an enzyme mixture aligns 
with findings where microalgae supplementation enhanced MUFA 
composition, particularly oleic acid (18:1 c9) (57). On the other hand, 
the decline in PUFA and n-6 PUFA in some treatments is contrary to 
our expectations, given Spirulina’s rich PUFA profile. The increment 
in n-3 PUFA and the reduction of the n-6/n-3 ratio, particularly in the 
SPE diet, is a promising finding, as a lower n-6/n-3 ratio is often 
deemed beneficial for health (58). This enrichment in n-3 PUFA, 
coupled with a balanced n-6/n-3 ratio, potentially augments the 
nutritional merit of broiler liver, which may translate to a healthier 
meat profile conducive to human consumption. These findings echo 
the complex interplay between dietary constituents and hepatic lipid 
metabolism, underscoring the need for a meticulous balance to 
optimize both animal and resultant meat health.

The increase in all individual n-3 fatty acids by Spirulina-based 
diets is a substantial finding and is supported by literature (56). The 
differential impacts noted between extruded Spirulina and enzyme-
supplemented diets highlight the complexity of interactions between 
microalgae processing, enzyme supplementation, and nutrient 
bioavailability. Further exploration in this domain is warranted to 
elucidate the mechanisms underpinning these observations.

Our examination further encompassed the assessment of the 
impact of A. platensis diets, with or without enzyme supplementation, 
on the hepatic tocopherol and pigment profiles. A myriad of bioactive 
constituents originating from algae, encompassing antioxidants, 
pigments, vitamins, and polysaccharides, are lauded for their health-
promoting attributes in both animals and humans. Spirulina, in 
particular, stands as an auspicious source of vitamins with potent 
antioxidant capabilities, known for mitigating inflammation. Vitamin 
E, a fat-soluble nutrient ubiquitously present in various foods, 
functions as a cellular antioxidant, fortifying cells against the 
onslaught of free radicals (59). While the dietary regime did not 
significantly modulate the levels of vitamin E compounds, 
α-tocopherol emerged as the predominant vitamin E homolog in all 
experimental treatments, a finding which is in harmony with the 
dietary composition. On the contrary, γ-tocopherol along with 
β-tocotrienol were discerned as minor constituents. In stark contrast, 
β-carotene, a precursor to vitamin A, alongside chlorophyll-a and 
total chlorophylls, witnessed a marked enhancement under the 
A. platensis diets, aligning seamlessly with its innate nutritional 

composition (2, 60). This unveils the bioavailability of these dietary 
elements and attests to the nutritional augmentation bestowed by 
Spirulina inclusion. Chlorophylls and carotenoids, naturally 
occurring lipophilic pigments, are instrumental in maintaining 
antioxidant homeostasis (61), thereby playing a pivotal role in both 
animal and human health (62). The elevations in chlorophyll and 
carotenoid levels in the liver as observed in this study, reflect the 
robust antioxidant potential promoted by Spirulina, capable of 
fostering a conducive antioxidant milieu in broiler chickens. This 
antioxidant potentiality shields the hepatic tissue from oxidative 
stress, which is indispensable for maintaining liver health and 
function. Furthermore, the unchanged tocopherol levels across the 
treatments underscore the stability and bioavailability of this vital 
antioxidant, even in the face of dietary modifications. These findings 
collectively accentuate the nutritional and health-promoting prowess 
of Spirulina, and by extension, underscore its potential as a viable, 
nutrient-rich feed ingredient in poultry diets.

Spirulina, like microalgae in general, embodies a rich cache of 
pivotal minerals (63), rendering them suitable dietary adjuncts for 
animals (64). Particularly, minerals like copper, iodine, iron, 
potassium, and zinc, which orchestrate key physiological undertakings 
such as cellular metabolism (e.g., iodine) and osmotic regulation (e.g., 
sodium), are abundant in microalgae (65). In light of this, our study 
ventured into discerning the impact of A. platensis diets on the hepatic 
mineral terrain of broilers. As showcased in this study, the overall 
concourse of macrominerals sustained a level of constancy across the 
Spirulina dietary spectrum, albeit sodium and magnesium manifested 
divergent trajectories. The hepatic sodium reservoir experienced an 
uptick in birds nurtured on Spirulina diets, marking a positive stride. 
Sodium, an indispensable nutrient, plays an important role in cellular 
homeostasis, fluid and electrolyte equilibrium, and blood pressure 
modulation. Additionally, it is instrumental in orchestrating muscle 
and nerve cell excitability alongside facilitating the transit of nutrients 
and substrates across plasma membranes (66). Conversely, despite a 
diminution in magnesium levels in birds fed on A. platensis diets, the 
decrement was marginal. Magnesium, a versatile mineral, serves as a 
cofactor for an expanse of over 300 enzymes, thereby modulating 
crucial physiological activities like muscle contraction, neuromuscular 
conduction, glycaemic control, myocardial contraction, and blood 
pressure regulation (67). On the flip side, the infusion of A. platensis 
with enzyme supplementation did not elicit any discernible alterations 
in micromineral levels.

Microminerals, such as zinc, manganese, and copper, are esteemed 
as quintessential cofactors for antioxidant enzymes like superoxide 
dismutase (68) and constitute the vanguard of antioxidant defence. 
Iron, a life-essential metallic entity, is implicated in engendering 
deleterious oxygen species via the Fenton reaction, culminating in the 
genesis of the potent hydroxyl radical. The transport, utilization, and 
storage of iron are meticulously carried out by specialized proteins like 
transferrin, ferritin, and haemoproteins (69, 70). The increase in 
hepatic Mn accentuates the potential role of dietary Spirulina in 
enhancing the bioavailability or retention of certain trace minerals, 
thus possibly fortifying the mineral nutritional status of the broilers. 
Collectively, the micromineral findings echo the maintenance of the 
redox balance within the birds, potentially underpinning a state of 
antioxidant homeostasis. This narrative dovetails with the overarching 
narrative of microalgae, especially Spirulina, being a nourishing 
source of essential minerals, thereby potentially fortifying the mineral 
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nutritional status of broilers and by extension, showcasing its promise 
as a robust dietary supplement in poultry nutrition.

The results of the PCA align with prior studies (33, 71, 72), 
effectively demonstrating the distinct impacts of the experimental 
diets on plasma metabolites and hepatic variables in broilers. The PCA 
revealed four distinct clusters corresponding to each treatment group, 
with notable overlap between the SP and SPE treatments, yet a clear 
demarcation of the SPM and control treatments. This pattern suggests 
a significant influence of the enzyme mixture on key discriminant 
variables such as total lipids, triacylglycerols, and cholesterol. 
However, these PCA findings do not completely mirror the data 
presented in Table 3, indicating a complex interaction between diet 
composition and metabolic outcomes. The differential impact of 
enzyme supplementation in diets containing microalgae, observed in 
this study, echoes previous findings where the inclusion of 0.001% 
of carbohydrases, either a four-enzyme moisture (exo-β-
glucosaminidase, alginate lyase, peptidoglycan N-acetylmuramic acid 
deacetylase and lysozyme) (NzyTech, Lisbon, Portugal) or a PL25 
ulvan lyase (NzyTech, Lisbon, Portugal) feed combined with 10% of 
Chlorella vulgaris (33) and 15% of Ulva lactuca (71), respectively, 
altered the nutritional dynamics in broiler diets. Additionally, the 
PCA’s liver variable analysis distinguished control treatments from 
those fed microalgae, a finding consistent with Costa et al. (72), who 
reported similar differentiation in diets supplemented with 15% of 
Laminaria digitata and 0.001% of alginate lyase. The distinct power of 
Spirulina is attributed to the changes in key discriminant variables like 
certain n-3 PUFAs (18:3 n-3, 20:5 n-3, and 22:5 n-3), α- and 
γ-tocopherols, β-carotene, chlorophyll-a, and total carotenoids. These 
observations corroborate the findings presented in Tables 4, 5, which 
showed an increase in these fatty acids and pigments and a decrease 
in vitamin E levels with the inclusion of microalgae. Although 
Altmann et al. (73) also showed a distinct impact of Spirulina for n-3 
PUFA, the results obtained were opposite relative to those presented 
in this study, which might be attributed to the different nutritional 
composition of microalga. Collectively, these results underscore the 
capacity of Spirulina, particularly when combined with enzymatic 
supplementation, to modulate plasma lipid components. Additionally, 
the data demonstrate the effect of the microalga alone in enhancing 
liver lipid metabolism and composition, primarily through the 
accumulation of health-beneficial n-3 PUFAs and antioxidant 
pigments. Further dissemination of the present results through social 
media, evidencing the benefits and constraints of incorporating 
Spirulina in broiler’s diet to the general public represents a promising 
prospective for spreading scientific knowledge (74).

5 Conclusion

This study elucidates the multifaceted impact of 15% dietary 
inclusion of Spirulina in broiler chickens, highlighting alterations in 
systemic antioxidant capacity, hepatic fatty acid composition and 
growth performance. Specifically, the extruded and enzyme-
supplemented Spirulina diets significantly elevated hepatic n-3 fatty 
acid levels, fostering a favorable shift in the n-6/n-3 PUFA ratio, which 
is indicative of potential health benefits. This inclusion level of 
Spirulina also led to a reduction in total hepatic lipids and increased 
antioxidant carotenoids in the broiler’s liver. However, the hepatic 
cholesterol was increased and α-tocopherol was decreased by the 

addition of Spirulina, which was not reverted by either the extrusion 
pre-treatment or the enzymatic supplementation. The incorporation 
of microalga was also responsible for an increase in total cholesterol, 
LDL-cholesterol and total lipids in the blood, although the enzymatic 
mixture counteracted this effect. The microalga had adverse effects on 
growth performance, which were not mitigated by the enzyme 
supplementation but partially reverted by microalga extrusion. The 
extrusion of Spirulina appeared to enhance the bioavailability of some 
nutrients, signifying a potential processing avenue to maximize the 
nutritional benefits of Spirulina. These findings underscore a complex 
interplay between dietary Spirulina inclusion, its processing, 
enzymatic supplementation and the resultant effects on broiler health 
and growth performance.

Future studies should attempt to delineate the optimal inclusion 
levels and processing methods for Spirulina to mitigate the adverse 
effects on cholesterol and α-tocopherol, and, thus, maximizing health 
benefits. Additionally, the precise mechanisms underlying the 
observed effects, particularly the interaction between Spirulina 
processing, enzyme supplementation and nutrient bioavailability 
warrant in-depth investigation. The extrusion pre-treatment of 
microalga shows potential for application up to an industrial scale. 
Therefore, extending the research to include evaluations of the long-
term effects of dietary Spirulina inclusion, and exploring varying 
levels of enzymatic supplementation combined with pre-extruded alga 
may provide more nuanced insights into harnessing the potential 
benefits of Spirulina in poultry diets.
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Ruminant feed is a major problem for the livestock sector in West African 
developing countries causing animal nutritional diseases, reducing ruminant 
production, and creating a massive ecological crisis through greenhouse gas 
emissions. Alternative feeds, which include agro-industrial by-products, fodder 
trees, crop residues, insects, fodder legumes, algae, and pulses, constitute 
enormous feed resources for livestock in Africa. This study was conducted in 
accordance with the methodological recommendations of PRISMA (Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses). We  conducted a 
literature search using Google Scholar, Web of Science, and Scopus to identify 
documents related to alternative ruminant feeds using the following keywords: 
alternative feeds, ruminant products, environmental impacts, and West Africa. 
Those that met the inclusion criteria were included, resulting in 44 articles 
published between 2013 and 2023. These studies included 45 alternative feeds 
divided into six groups, including agro-industrial by-products (48.89%), followed 
by fodder trees (17.78%), crop residues (13.33%), insects (8.89%), fodder legumes 
(6.67%) and seaweeds (4.44%). Our results revealed that alternative feed resources 
and their effects on ruminant’s performances and environment are poorly known 
in West Africa, which limits their inclusion in rations and sometimes leads to their 
misuse. Future research should focus on these aspects in order to make efficient 
use of these resources to improve ruminant milk and meat production.

KEYWORDS

nutritional value, environmental impact, ruminants, alternative feeds, West Africa

1 Introduction

In the face of population growth and land use through urbanization, which absorbs arable 
land and therefore the availability of animal feed resources, livestock production in Africa is no 
longer able to meet the population’s demand for meat and dairy products. It is facing a huge 
feeding problem (1), which is a major cause of low milk and meat production in West Africa (2). 
This situation can be explained by the nutritional characteristics of grown forage (3) and a lack of 
knowledge on rationing techniques, resulting in lower animal productivity and considerable 
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greenhouse gas emissions (4), contributing to global warming (5). It is 
well known that emissions cause an increase in temperature, and a 
decrease in rainfall (6) and have a significant impact on pastoral 
resources. This situation reduces the conditions necessary for ruminant 
production and makes West Africa the most affected by the effects of 
climate change in the world (7). The livestock sector contributes to global 
N flows through the application of synthetic N fertilizers and manure to 
both croplands and grasslands, the management and accumulation of 
manure, and the transport of N-rich products such as feed, food, and 
manure (8). In some cases, excess nitrogen is a source of air pollution (9). 
To ensure food security with more livestock production, it is necessary 
to use alternatives in feeding practices. Thus, alternative feeds appear to 
be a promising option to improve the feed supply chain for ruminants 
and strengthen their availability in dry and rainy seasons. Alternative 
feeds also help to improve milk and meat production at a lower cost. Rice 
straw and other crop residues such as cereal stalks are rich in cellulose 
and provide nutrients for the growth of rumen microbes (10). Crop 
residues and agro-industrial by-products used as alternative feeds also 
deserve to be preserved for the future of ruminant farming. Furthermore, 
Idrissou et  al. (11) found that Djallonké sheep supplemented with 
Leucaena leucocephala and Gliricidia sepium, respectively, had 
significantly higher average daily gains in Benin. Studies on the effects of 
cassava and banana peels (12) showed that incorporating dried banana 
peels at 20% in the feed accelerated sheep growth and average daily 
weight gain. Moreover Kiéma et al. (13) showed that the use of Faidherbia 
albida pods increase average daily weight gain of young bulls therefore 
seems to be an alternative way of improving livestock production (14). 
According to Pamo et al. (15) who carried out studies on the chemical 
composition and effect of supplementation with Calliandra calothyrsus 
and Leucaena leucocephala on milk production in goats, fresh leaves of 
Calliandra calothyrsus and Leucaena leucocephala doubled the 
production (361 g/d) in dairy goats. A study by Sanogo et al. (16) on the 
effect of cereal straw, cowpea fodder, and cotton cake on improving milk 
production found that the average cumulative milk production was 140 
liters for cows in stalls. Furthermore, the results of Gbenou et al. (17) 
revealed that the production of cows (Gir × Borgou) with the 
supplementation of 2 kg of sorghum meal resulted in a production of 
3.3 kg of milk/day. According to Ahmed et al. (18) the combination of 
micro- and macroalgae as ruminant feeds can replace the expensive 
conventional sources in animal diets and help to reduce feeding costs and 
livestock impacts on environmental. Biologically active compounds, such 
as flavonoids found in by-products of the winery industry and citrus 
fruits, are gaining attention for their ability to modulate the immune 
system of ruminants (19), due to their positive effects on milk quantity 
and quality (20). According to Jalal et  al. (21), fruit and vegetable 
by-products can be  used as an alternative feed source for sustainable 
ruminant nutrition and production. The use of alternative feeds in 
ruminant nutrition would provide benefits and help alleviate the 
environmental problems associated with waste disposal (22). Including 
these by-products in ruminant diets could reduce the environmental 
impact of their disposal (23) and promote the growth of a circular 
economy by recycling the biomass derived from crop production (24). 
From a socio-economic point of view, it is possible to reduce ration costs, 
improve the income of livestock farmers, and develop the market for 
livestock feeds. Although these feeds are well known in West Africa, it 
has been observed that huge quantities are wasted. It is therefore 
necessary to focus on the availability, nutritional value, technical and 
economic limitations of these feeds, which vary from one agro-ecological 
zone to another, and consequently from one country to another. This 

review summarizes the results of various studies carried out on the 
nutritional value, ruminant products and environmental impact of using 
alternative feeds. The aim of this review was to enhance the value of 
locally available alternative feeds for ruminant feeding in all seasons 
through their efficient use in the formulation of balanced, climate-
sensitive rations to improve household incomes and protect 
the environment.

2 Methods

Reporting Systematic Reviews and Meta-Analyses of Studies 
were used for the current study. Recent studies conducted principally 
in West Africa (Benin, Burkina Faso, Nigeria, Niger, Mali, and Côte 
d’Ivoire) from 2013 to 2023 were accessed through Google Scholar, 
Web of science, and Scopus. The downloaded documents were 
retrieved using a combination of the following keywords: alternative 
feeds, ruminant products, and environmental impacts. The keywords 
were used first in French and then in English in order to obtain as 
many publications as possible. The references found were imported 
into Zotero software version 5.0.94. Documents were selected based 
on the recommendations of (25, 26) by using a two-step process 
based on predefined criteria (Figure 1). The selection was based on 
titles, abstracts, and keywords. In total, 2,463 articles were obtained 
after excluding duplicates. In the second step, we based the selection 
on publication date, language (English or French), and research 
subject (alternative feeds for ruminants) in West Africa. As soon as 
the study topic appeared in any of the documents or was addressed 
in any other way, the article was downloaded and thoroughly 
checked. The selection criteria set out above were applied to the initial 
articles, resulting in the selection of 44 scientific publications 
(Figure 1). Publications for this synthesis were not analyzed as the 
only ones on the subject but were intended to provide a representative 
overview of alternative ruminant feeds in West Africa. The 44 articles 
finally selected were all in English.

2.1 Data management, review, and 
statistical analysis

Selected documents were examined in detail and underwent a 
complete review. The final publications were imported into Zotero, 
which identified the nature or type of document that was being recorded. 
Questions were then developed following the method by (27) method to 
show how alternative feeds are used in West Africa based on literature 
published between 2013 and 2023. We  took into account general 
characteristics of the articles such as title, year of publication, country of 
study, affiliation of the main author, and links to alternative feeds.

3 Results and discussion

3.1 Number and type of documents

The documents found include articles (79.2%), which are the 
most prevalent documents, followed by abstracts (16.7%), book 
chapters (2.1%), and conference papers (2.1%) (Figure 2).

Regarding the year of publication, the number of documents 
used for this review was approximately 4% from 2013 to 2020. 
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However, the highest number was obtained in 2021 (27.3%) and 
dropped 2 years later. This increasing trend can be explained by the 
abundance of publications on this subject, which is becoming more 
and more important and a topical issue for decision-makers in order 
to improve the livestock sector (Figure 3).

3.2 Geographical distribution of articles

Benin is in first place, with 39% of publications, followed by 
Burkina Faso and Nigeria (22%) (Figure 4). Ivory Coast, Mali and 
Niger are included in the same proportion (6%).

Literature search on alterna�ve feeds in ruminant nutri�on

Publica�ons found in databases

References a�er dele�ng
duplicates (n = 1551) 

Duplicates excluded from publica�ons
(n = 912)

Selec�on of studies based on �tle 
and keywords (n = 260)

Selec�on of studies based on full 
ar�cle, abstract and document 

type (n = 44)

Final publica�ons used for

data extrac�on (n = 44)

Excluded as not covering an alterna�ve 
feed aspect (n = 1291)

Excluded as not addressing the 
nutri�onal value of feeds (n = 216)

Scopus, Web of science and Google scholar
(n = 2463)

FIGURE 1

Document selection diagram.

FIGURE 2

Percentage occurrence of document types.
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3.3 Alternative feeds identified

We identified six groups of feeds, distributed as follows: Agro-
industrial by-products (48.89%), fodder trees (17.78%), crop residues 
(13.33%), and insects (8.89%). In addition, we found fodder legumes 
(6.67%), followed by seaweeds (4.44%) (Figure 5).

3.4 Alternative feeds in farming systems

The use of alternative feeds varies by farming system. Our 
study showed that intensive systems used 48% of the identified 
feeds, compared with 30% in semi-intensive systems and 21% in 
extensive systems (Figure  6). The percentage obtained in the 
intensive systems can be explained by the strong integration of 
livestock and crops production systems. The low level observed 
in extensive systems can be  explained by a lack of interest in 
animal feed, followed by a lack of financial resources for the 
supply of agro-industrial by-products. Difficult access to feed is 
also due to farmers’ mobility, which takes them far from feed 
sales outlets. In semi-intensive systems, livestock farming is 
sometimes seen as a secondary activity, so small herds are 
common. These farmers are generally located in urban areas, 
which justifies their limited use of feed.

3.5 Factors limiting the availability of 
alternative feeds

Studies carried out between 2013 and December 2023 (Figure 7) 
show that several factors limited the availability of alternative feeds. 
These include climate change (41.8%), which affects not only 
agricultural land but also crop yields. The latter contributes to animal 
feed (33.3%). Variations in rainfall, extreme temperatures and the 
proliferation of harmful insects and pests are all threats to crop yields. 
In addition, land use (16.8%) due to increasing urbanization limits the 
production of livestock feed. Agricultural policies (8.3%), with their 
lack of interest in crop diversification, influence the availability and 
price of raw materials.

Climate change is expected to have several impacts on feed 
crops, thereby negatively affecting the availability of alternative 

feeds while altering their nutritional value and yield at the same 
time. According to Getu (28), one of the most important effects 
of climate change on livestock production is the change in feed 
resources because indirect effects on feed resources can have a 
significant impact on livestock production, the buffering capacity 
of ecosystems and their sustainability, the prices of stover and 
grain, trade-in feeds and changes in feeding options. Drought-
induced by climate change and other anthropogenic activities can 
have adverse effects on horticultural crop production (29). It 
tends to induce the sprouting of tubers in potatoes (30). The 
consequences are a reduction in yield, water content and quality 
of vegetables, such as spinach (30). Drought increases the salinity 
in the soil, thus affecting osmotic potential and therefore water 
loss from plant cells, leading to reduced productivity (31). In 
addition to their basic nutritional value, fruits and vegetables are 
also rich in biologically active components, such as ascorbic acid, 
sugars, and phenolics, which provide health benefits (32). The 
concentration of many biologically active components can 
increase with increasing CO2 levels, but there is also a decrease 
in protein and mineral content (33). Frequent exposure of fruit 
to high temperatures (35–40°C) can result in sunburn and loss of 
texture (34). Since temperature also has an effect on 
photosynthesis, the impact can be  seen in different physio-
chemical alterations in fruit and vegetable products, such as 
sugars, organic acids, firmness, and antioxidant activity (30, 34). 
In addition, some fruits stored at 0°C (below the recommended 
temperature), showed a lower incidence of chilling injury (e.g., 
color and texture of the fruit) than the same fruit harvested from 
the shaded parts of the tree (34). Post-harvest temperature 
management of fruits and vegetables is the most important factor 
in preserving vitamin C. Its losses are accelerated at higher 
temperatures and with longer storage times (32). Furthermore, in 
warmer climates, fruits and vegetables are harvested at higher 
pulp temperatures, which require more energy and refrigerants 
for proper cooling and may increase product prices (34). Many 
studies have shown that climate change has a negative impact on 
seaweeds. According to Khan et al. (35) an increase in greenhouse 
gas emissions has led to an increase in global average air and 
ocean temperatures. Increased sea surface temperatures may 
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FIGURE 3

Percentage of documents used from 2013 to 2023.

FIGURE 4

Geographical distribution of articles.

227

https://doi.org/10.3389/fvets.2024.1352235
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Alimi et al. 10.3389/fvets.2024.1352235

Frontiers in Veterinary Science 05 frontiersin.org

cause changes in the distribution of seaweed species, particularly 
those close to their thermal tolerance limits. Moreover, Sunny 
(36) found that the survival, growth, and reproduction of 
seaweeds vary with numerous environmental variables, including 
temperature, nutrient supply via upwelling and runoff, pH, and 
carbon dioxide concentration itself. As sea levels rise, the 
distribution and abundance of seagrass and seaweed habitats in 
any given location decrease. An increase or decrease in salinity 
impacts seagrass and seaweed. The potential effects of increasing 
CO2 and the impacts of greater UV-B radiation will alter the 
photosynthesis and productivity of seagrass and seaweed, and the 
author concluded that there is a critical need for research on the 
direct effects of the various aspects of global climate change on 
seaweed and seagrass (36).

3.6 Nutritional value of alternative feeds

Alternative feeds are important sources of energy and protein that 
can be used in ruminant diets because they offer great advantages, 
such as sustainability, local availability, and resilience to climate 
change. They include crop residues and agro-industrial by-products, 
fodder legumes, fodder trees, insects, and algae. Their nutritional 
value includes dry matter (DM), organic matter (OM), nitrogen, crude 

cellulose, and fat content. The main methods for determining 
nutrients are spectrometers, official methods approved by the 
Association of Official Analytical Chemists, followed by linear 
regression to determine nutritional values. The nutrient values of 
alternative feeds are shown in the Table 1.

3.7 Effect of using alternative feeds on dry 
matter intake and digestibility

Several studies have shown the efficient use of alternative feeds 
through improved intake and digestibility (Table 2). According to 
(77), the highest daily feed intake (285.36 g/day), nitrogen intake 
(21.75 g/day), and nitrogen balance (9.37 g/day and 5.36 BW0.75) were 
obtained using dried plantain and mango peels and concentrates in a 
ratio of 50:18:32 in the diet of West African dwarf goats. It is concluded 
that this ratio has the potential to enhance the nutrient utilization and 
growth performance of West African dwarf goats. Moreover, Abebe 
and Tamir (70) found that supplementation with forage legumes led 
to an increase in total dry matter, crude protein, and NDF intake and 
suggested that supplementation with Lablab purpureus resulted in 
improved nutrient intake in Wollo Tumele lambs. The authors also 
found that supplementation of 243 g of pigeon pea or 260 g of cowpea 
with 200 g of wheat bran per day and per  animal could 
be recommended for intact Wollo Tumele lambs fed grass hay in order 
to improve feed and/or nutrient intake. Furthermore, Omotoso et al. 
(78) showed that Cajanus cajan had better nutritional values with 
15.53% crude protein and 30.55% crude fiber and added that the 
inclusion of Cajanus cajan as a supplement to cassava peels in the goat 
diet significantly reduced dry matter intake. Crude protein intake 
increased with increased hay supplementation. Crude protein, crude 
fiber, NDF, ADF, and ADL intakes were highest in goats fed the diet 
(25% cassava +75% Cajanus cajan hay). Nutrient digestibility and 
retained nitrogen were highest in the 75% Cajanus cajan inclusion 
treatment. The study found that combining cassava peels with Cajanus 
cajan hay in a 1:3 ratio resulted in an improvement in nitrogen 
content, digestibility, and optimal levels. According to Kiatti et al. (49), 
fruit by-products can be used as a base for ruminant feed based on 
their nutritional content of sugar and fiber. Pineapple by-products, 
specifically the core and pomace, were found to have low structural 
carbohydrate content, high in vitro degradability, and high volatile 
fatty acid production. This study suggests that pineapple by-products 
can be used in ruminant nutrition; the crown, bud end, and peel can 
be use as fiber sources, while the core and pomace can be used as 
energy sources.

3.8 Effects of alternative feeds on average 
daily gain

Alternative feeds show interesting results in ruminant 
production, especially for meat production (Table 3). According to 
Okoruwa et al. (77), dried plantain with mango peels and concentrates 
in a ratio of 50:18:32 has potential for growth performance in West 
African dwarf goats, recording a daily weight gain of 33.67 g and 
13.98 BW0.75. Based on these results, it is therefore concluded that the 
combination of dried plantain and mango peels in different 
proportions has good nutritional potential and could be the main 

FIGURE 5

Alternative feeds.

FIGURE 6

Trend toward alternative feeds in farming systems.
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component of goat rations. Mahmoud (79) found that Moringa 
oleifera stems are suitable for sheep feed because they can be used 
without any negative effect on Rahmani lambs. Furthermore, Idrissou 
et  al. (11) studied the fattening performance of Djallonké sheep 
supplemented with Gliricidia sepium and Leucaena leucocephala 
fodder in central Benin. The evolution of the average daily gain per 
15-day period was not significantly different between sheep from the 
first to the third-fortnight experiment. However, in the fourth 
fortnight, Djallonké sheep supplemented with Leucaena leucocephala 
and Gliricidia sepium, respectively, had a significantly higher average 
daily gain. Abebe and Tamir (70) found that supplementing Wollo 
Tumele lambs with 243, 260 or 225 g dry matter per animal per day 
of pigeon pea (Cajanus cajan), cowpea (Vigna unguiculata) and 
lablab (Lablab purpureus) in addition to ad libitum feeding of natural 
pasture grass hay and 200 g dry matter per animal per day of wheat 
bran resulted in average daily gains of 34.97, 20.33 and 49.36 
respectively. These authors concluded that these forage legumes can 
be used to improve feed and/or nutrient intake and carcass yield 
characteristics. Studies on the effects of cassava and banana peels (12) 
showed that incorporating dried banana peels in the feed at 20% 
accelerated sheep growth and their average daily weight gain. 
Moreover, Kiéma et al. (13) showed that the use of Faidherbia albida 
pods improved the average daily gain from the eighth week and, 
therefore, the growth performance of young bulls. Similarly, studies 
by (60) on the effects of Cassia tora hay on the zootechnical 
performance of fattening Djallonké sheep fed rations R1 (75% 
cottonseed cake and 25% Cassia tora hay) and R2 (50% cottonseed 
cake and 50% Cassia tora hay) showed that the average daily gain 
induced by rations R1 and R2 was 80.7 and 71.1 g/animal/day, 
respectively. Their findings show that using Cassia tora leaves as a 
protein source replacement can improve feed intake, feed efficiency 
and feed conversion. A study on the combination of Moringa oleifera 
Lam. residues, sorghum stalks and wheat bran (80) showed that dried 
Moringa oleifera residues have the same crude protein content as 
groundnut hulls or cowpea leaves and total live weight gain varied 
from 1.88 to 2.35 kg and average daily weight gain from 20.83 to 
26.11 g. They concluded that, in the future, livestock farmers will 

be able to collect, dry and store Moringa residues and use them as 
fodder in the same way as groundnut hulls or cowpea leaves.

3.9 Effects of alternative feeds milk 
production and composition in ruminants

Results of alternative feeds on milk production show that Spondias 
mombin extract improves milk production in ewes (14) with an 
average of 100.63 g/day (Table 4). According to Pamo et al. (15) who 
carried out studies on the chemical composition and effect of 
supplementation with Calliandra calothyrsus and Leucaena 
leucocephala on milk production in goats, fresh leaves of Calliandra 
calothyrsus and Leucaena leucocephala doubled production (361 g/d) 
in dairy goats. Studies by Sanogo et al. (16) on the effect of cereal 
straw, cowpea fodder, and cotton cake on improving milk production 
showed that the average cumulative milk production was 140 liters for 
cows in stalls. Further work like the study by Gbenou et al. (17) on the 
effect of sorghum meal supplementation on the milk production of 
cows (Gir × Borgou) showed the production of 3.3 kg milk/day with 
the supplementation of 2 kg of sorghum meal. Finally, Akouedegni 
et al. (81) showed that the average daily increase in milk production 
was 9.92, 14.25, and 18.88% in the single-dose, double-dose, and 
Galactin groups, respectively, compared to the control group in ewes 
treated with Spondias mombin leaf powder. Similarly, the findings of 
Seidou et al. (82) showed that forage legumes improve milk production 
in local cows, even in the dry season in the drylands of Benin.

3.10 Factors limiting the use of alternative 
feeds

The first factor limiting the widespread use of alternative feeds 
in animal nutrition is their high water content, which can often 
exceed 60–80% making them difficult to handle and store and 
leading to spoilage (21). Similarly, the seasonal availability of 
fruits and vegetables and their by-products also has an impact on 

FIGURE 7

Factors limiting the availability of alternative feeds.
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TABLE 1 Chemical composition of alternative feeds.

Alternative 
feeds

DM Ash OM CP NDF ADF CF Fat References

Agro-industrial 

by-products

Oil cakes

Cottonseed meal 92 6.4 93.5 41.7 11.3 1.8 (37)

89.86 7.15 92.85 39.02 11.92 3.07 (38)

Palm kernel cake 92.86 2.90 97.1 8.69 11.38 52.40 (39)

Soybean meal 90 45.5 9.1 (40)

Groundnut meal 92 7.5 92.5 34.17 5 10 (41)

Cotton seeds 5.85 94.15 24.34 18.71 24.81 (42)

91.5 25.5 25.3 (16)

Roots and tubers by-products

Yam peels 89 5.5 94 8 75.3 66.2 4.4 0.3 (43)

95.3 9.8 90.2 4.9 12.2 3.3 (44)

Cassava peels 92.8 5.5 94.7 5.3 60.9 49.4 10 1.8 (43)

0.65 99.35 6.24 13.34 1.45 (45)

Fruit by-products

Cashew apples 8.4 0.2 99.8 (46)

Banana peels 15.30 84.7 4.77 13.15 (47)

Mango peels 78.7 3.4 44.7 17.1 8.3 0.4 (48)

Pineapple Pomaces 20.98 2.78 97.22 8.81 21.53 9.75 0.30 (49)

Apple pomaces 92.1 38.4 61.6 7.3 48 4 (50)

Orange peels 92.9 9.8 90.4 6.9 63.2 41.2 14 2.9 (43)

26.6 3.8 96.2 3.5 10 7.6 1.7 (51)

Pineapple peels 15.08 4.93 95.07 8.01 26.48 11.97 0.35 (49)

4.4 95.6 5.1 14.8 5.3 (52)

Pineapple crowns 20.62 4.81 95.19 8.48 39.01 20.31 0.68 (49)

Pineapple bud ends 17.07 4.59 95.41 6.54 33.27 15.19 0.37 (49)

Pineapple cores 15.29 1.58 98.42 5.18 10.80 6.85 0.19 (49)

Cereal by-products

Maize bran 92.8 5.1 94.9 14.8 65.6 62.6 6.7 1.6 (43)

96 12 43 40 35 12 (48)

Sorghum bran 96.16 23.75 76.25 19.54 (17)

Rice bran 93.4 21.8 71.5 3 47.1 11.7 11.4 24.4 (53)

8–12 88–92 11–16 12–20 (54)

Legume and pulse by-products

Soybean bran 4.5 95.5 18.4 19.7 8.8 (55)

Okara dried soya pulp 93.8 3.9 96.1 34.5 15 11.3 (56)

Crop residues

Banana leaves 33.95 20.52 79.48 11.52 27.73 4.15 (57)

10.37 89.63 14.98 21 (47)

Rice straw 95.81 13.66 82.12 19.57 27.03 5.2 (58)

95.7 15 80.6 2.3 87.9 33.7 30.5 (53)

Cowpea hay 92 11.7 88.5 13.5 71.4 56.3 30.5 2.2 (43)

(Continued)
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feed production. In addition, anti-nutritional factors limit their 
incorporation into the diet. For example, red sorghum is rich in 
tannin and groundnut, and cotton and palm kernel cake contain 
aflatoxin, gossypol, and cellulose, respectively. Other factors such 
as rising food prices and stockouts are major obstacles to their 
use. Land use, climate change, followed by declining crop yields, 
and a lack of agricultural policies also affect the availability of 
alternative feeds. The effects of climate change (83) lead to the 
reduction of feed and water resources. This is also confirmed by 
Far (84), who showed that all the effects of climate change lead to 
local resource reduction due to higher temperatures, CO2 affecting 
grazing land (85). In addition, Abdou et al. (86) showed that 
climate change causing higher temperatures and long periods of 

drought thus affecting alternative feeds production. These factors 
have negative impacts on ruminant farming because alternative 
feeds became scarce.

3.11 Protecting the environment through 
the use of alternative feeds

To mitigate the effects of climate change and improve agricultural 
production, the use of alternative feeds is proving to be a better 
option. Ahmed et al. (18) showed that dietary supplementation of 
animal fodder with Asparagopsis taxiformis at 1 and 2.5% reduced 
methane production by 21 and 80% respectively, while the inclusion 

TABLE 1 (Continued)

Alternative 
feeds

DM Ash OM CP NDF ADF CF Fat References

87.4 11.3 89 16.6 46.4 (59)

Groundnut hay 86.9 6.6 93.5 15.5 65.6 43.5 22.1 10.5 (43)

94.5 8.12 91.88 17.32 29.75 2.11 (60)

Soybean hay 93.45 6.36 93.64 8.04 42.28 0.49 (61)

Cassava leaves 4.93 95.7 28.73 14.72 9.10 (62)

27.8 10.4 89.6 25.90 58.2 25.6 (63)

Fodder legumes

Clover 10.1 89.9 18.7 17.1 (64)

Alfalfa 91 11.2 88.8 58.64 10.8 1.2 0.6 11.4 (65)

Lotier 19.71 38.28 28.42 26.35 (66)

19.5 38.88 28.99 24.39 (67)

Fodder trees

Leucaena leucocephala 16.3 83.7 26.5 50.06 23.6 (15)

Gliricidia sepium 31.2 9.3 90.7 25.1 13.5 (11)

Calliandra calothyrsus 14.3 85.7 21.1 54.9 34.7 (15)

Faidherbia albida 90 3.8 96.2 11.4 41.8 30.7 (68)

Cajanus cajan 93.68 20.6 79.4 31.99 21.82 13 (69)

89 8.87 91.13 17.5 46.66 33.33 (70)

Moringa oleifera 33 11.5 88.5 25.1 21.9 5.4 (71)

Lablab purpureus 89 11.11 88.89 19.23 40 24.44 (70)

Cassia tora hay 94.4 17 83 18.81 29.34 2.81 (60)

Insects

Black soldier fly 

(larvae)

7.1 92.9 40.4 9.7 33.5 (72)

Termites 4.7 95.3 17.2 5.3 3.7 (73)

Housefly maggots 92.7 6.25 93.75 47.6 7.5 25.3 (74)

93.17 7.86 92.14 56.42 7.14 20.03 (75)

Locusts 2.9 97.1 51.9 13.7 23.1 (76)

Seaweed

Duckweed 5.6 15.9 84.1 29.1 40.1 6.1 (71)

Asparagopsis 

taxiformis

58.3 41.7 13.3 22 9.2 2.3 (18)

DM, dry matter; OM, organic matter; CP, crude protein; CF, crude fiber; NDF, neutral detergent fiber; ADF, acid detergent fiber.
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of Euglena gracilis in the diet at 10 and 25% reduced methane 
production by 4 and 11%, respectively, with no negative effect on 
fermentation parameters. Similarly, Gryllus bimaculatus and Bombyx 
mori reduced methane production by 18 and 16%, respectively, (87). 
In addition, phytochemicals in the feed, such as tannins, saponins, 
and essential oils, could potentially modify the microbial flora and 
thereby reduce methanogens in the rumen (88). Moreover, tannins 
and other phytochemicals containing phenolic groups may be better 
at binding proteins and slowing down their degradation by rumen 
microbes (89). Tannins and rumen bacteria interactions or their 
suppression of fiber digestion may be directly or indirectly beneficial 
to reducing CH4 production (90). According to Moate et al. (91), the 
addition of polyphenolic compounds to citrus by-products reduced 
CH4 emissions by inhibiting the growth and activity of methanogens 
such as Methanomicrobium and Methanobrevibacter. The authors 
also showed that alfalfa hay reduced CH4 emissions by 22.6%, with 
positive stimulation of rumen bacteria and archaea populations. 
Finally, studies on the chemical and nutritional characteristics of 
Cannabis sativa L. co-products (92), showed that all hemp 
co-products presented interesting nutritional characteristics, such as 
a crude protein content always higher than 20% on a dry matter 
basis, and a high neutral detergent fiber concentration partially 

lignified. Preliminary results underline that the use of hemp 
processing residues could be a valid nutrient resource in ruminant 
diets. The low methane values suggest that these residues could 
be  used in ruminant diets to limit gas emissions, and therefore 
environmental impact.

3.12 Technical options for improving the 
use of alternative feeds

To ensure the long-term use of alternative feeds, it is important 
to adopt low-cost preservation methods, such as dehydration and 
ensiling. These methods can help preserve feeds and improve their 
use for everytime. Glocusinolates can be removed from soybeans 
by cooking or toasting. Groundnut cake is detoxified using an 
aqueous ammonia solution, and gossypol is eliminated from cotton 
cake using iron sulfate (93). In addition, the following 
incorporation limits must be  respected: red sorghum (30%), 
groundnut cake (25%), cottonseed cake (10%), and palm kernel 
cake (20%) for more efficient use (43). Furthermore, widespread 
dissemination of good pre- and post-harvest practices in the 
mango and cashew nut sectors, for example, must be known and 

TABLE 2 Effect of alternative feeds on dry matter intake and digestibility.

Alternative 
feeds

Replaced 
feeds

Sup Inclusion 
levels

Animal 
type

DMI Dig FCE References

Dried plantain + 

mango peels + 

concentrates

Elephant grass No 50:18:32 West African 

Dwarf goats

Inc Inc Higher (77)

Pigeon pea or cowpea 

or lablab

Grass hay +200 g 

DM wheat bran

Yes 243, 260, or 225 g 

DM

Wollo sheep 

(lambs)

Inc Inc Higher (70)

Cajanus cajan hay Cassava peels Yes 25:75% West African 

Dwarf goats

Dec Inc NI (78)

Moringa oleifera 

stems

Concentrated feed 

mix

No 25% Growing lambs Dec Dec Higher (79)

Gliricidia sepium Cottonseed No 770:300 (g) Djallonke sheep Inc NI Higher (11)

Leucaena 

leucocephala

Cottonseed Yes 650:300 (g) Djallonke sheep Inc NI Higher (11)

Dried banana peels Yes 20–40% Djallonke sheep Inc Inc Higher (12)

Dried cassava Yes 40% Djallonke sheep Inc Inc Higher (12)

Faidherbia albida 

pods

Yes 2 kg Bull calves Inc NI NI (13)

Cassia tora leaves Groundnut hay No 25–50% Male Djallonke 

sheep

Inc Inc Higher (60)

Moringa residues 

(Moringa oleifera 

Lam.)

Yes 22–33% Young male 

sheep

Inc NI NI (80)

Spondias mombin Vitellaria paradoxa No Lactating ewes Inc NI Higher (14)

Cowpea forage Yes 18, 75–25% Dairy cows NI NI NI (16)

Leaf ’s powder of 

Spondias mombin L.

Yes West African 

Dwarf sheep

NI NI NI (81)

Sup, supplemented; Inc, increase; Dec, decrease; Dig, digestibility; DMI, dry matter intake; FCE, feed conversion efficiency; NI, no information.
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mastered by users to minimize post-harvest losses. It can also 
ensure the quality of foodstuffs when fruits are harvested at the 
right stage of ripeness and then processed using an appropriate 
production process. To improve fruit and vegetable by-products, 
there is a need to build the capacity of actors in fruit processing, 
followed by material and financial support.

3.13 Prospects for research on alternative 
feeds

Further research is needed to evaluate the palatability and 
determine the optimal levels of inclusion of these feeds and by-products, 
which will be obtained from different plants grown under different 

TABLE 3 Effects of alternative feeds on average daily gain.

Alternative 
feeds

Replaced feeds Sup Inclusion 
levels

Animal type EMP ADG (g) References

Dried plantain + 

mango peels + 

concentrates

Elephant grass No 50:18:32 West African Dwarf 

goats

Inc 33.67 (77)

Pigeon pea (Cajanus 

cajan)

Grass hay +200 g wheat 

bran

Yes 243 g Wollo sheep Inc 34.97 (70)

Cowpea (Vigna 

unguiculata)

Grass hay +200 g wheat 

bran

Yes 260 g Wollo sheep Inc 20.33 (70)

Lablab (Lablab 

purpureus)

Grass hay +200 g wheat 

bran

Yes 225 g Wollo sheep Inc 49.36 (70)

Cajanus cajan hay Cassava peels Yes 25:75 West African Dwarf 

goats

Inc 16.98 (78)

Moringa oleifera stems 

+ clover hay

Concentrate feed mixture No 25 Growing lambs Inc 223.8 (79)

Gliricidia sepium Panicum maximum C1 

(ad-libitum)

Yes 770 g Djallonke Sheep Inc 65.27 (11)

Cotton seed Panicum maximum C1 

(ad-libitum)

Yes 300 g Djallonke Sheep Inc 60.02 (11)

Leucaena leucocephala Panicum maximum C1 

(ad-libitum)

Yes 650 g Djallonke Sheep Inc 70.83 (11)

Dried banana peels Yes 40% Djallonke Sheep Inc 48.4 (12)

Dried cassava Yes 40% Djallonke Sheep Inc 51.02 (12)

Faidherbia albida pods Yes 2 kg Bull calves Inc 623.02 (13)

Cassia tora leaves Groundnut hay No 25% Male Djallonke sheep Inc 80.7 (60)

Moringa residues 

(Moringa oleifera Lam.)

Yes 22–33% Young male sheep Inc 24.8–26.1 (80)

Spondias mombin Vitellaria paradoxa No Lactating ewes Inc 88.58 (14)

Leaf ’s powder of 

Spondias mombin L. + 

Galactin

No West African Dwarf 

sheep

Inc 99.07 (81)

Sup, supplemented; ADG, average daily gain; Inc, increase; EMP, effet on meat production.

TABLE 4 Effect of alternative feeds on milk production and composition in ruminants.

Alternative feeds Replaced feeds Sup Inclusion levels Animal type EMY Reference

Dried plantain + mango 

peels + concentrates

Elephant grass No 50:18:32 West African Dwarf goats Inc (77)

Pigeon pea or cowpea or 

lablab

Grass hay +200 g DM 

wheat bran

Yes 243, 260 or 225 g DM Wollo sheep (lambs) Inc (70)

Spondias mombin Vitellaria paradoxa No Lactating ewes Inc (14)

Cowpea forage Yes 18, 75–25% Dairy cows Inc (16)

Leaf ’s powder of Spondias 

mombin L.

Yes West African Dwarf sheep Inc (81)

Sup, supplemented; Inc, increase; EMY, effet on milk yield.
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conditions and extracted and processed by different methods. 
Biotechnology will be used to develop fruit varieties that are suitable for 
animal feed. Similarly, analytical methods must be  developed to 
complete the measurement and categorization of micronutrients and 
phytochemicals in alternative feeds. In addition, the bioactivity, 
bioavailability, toxicity, and interactions of phytochemicals in alternative 
feeds with other feed components should be  the subject of future 
research through in vitro and in vivo experiments.

3.14 Limitations of the review

This study excluded publications prior to 2013, given the 
evolution of scientific progress and the reliability of results using 
modern tools. Nevertheless, non-scientific or non-English scientific 
sources in other fields may contain information not considered in 
this review. If necessary, other reviews could focus on these sources. 
This confirms the need to focus attention on alternative feeds and 
study chemical compounds that limit their use in ruminant feeding. 
It will also be  useful to develop feeding schedules that take into 
account West African realities to help improve feeding systems.

4 Conclusion

This review identified 45 alternative feeds that could benefit the 
livestock sector but poor management practices lead to livestock 
underfeeding during the dry season. We need to look at these resources 
to improve their use. Alternative feeds will be profitable for livestock by 
improving the processing systems from which they are derived. Based on 
the diversity of agroecological zones in West Africa and the uneven 
distribution of livestock, this offers opportunities for the emergence of 
feed production and marketing. This will provide support for mechanisms 
to establish and then strengthen feed assessments for livestock in West 
Africa. It will help to promote and improve livestock resilience to climate 
change and support policies for sustainable production.
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