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a b s t r a c t

The role of insects in animal nutrition has been reconsidered during recent years, paving the way for an
increasing market for edible insects. Their protein and amino acid balance make them a promising source
of protein for replacing high value proteins. Yellow mealworm, Tenebrio molitor L. (TM; Coleoptera:
Tenebrionidae) larvae, have shown positive effects on broiler performance in several research studies and
have a strong potential as a sustainable alternative protein source for monogastric animals. This study
aimed to assess the effect of replacing various ratios of basal diets with T. molitor larvae on broiler
performance as well as on several meat and welfare characteristics. For the study, 120 one-day-old male
chicks (Ross 308) were randomly allocated in 3 treatments and 4 replications (10 birds per pen). Birds of
the control group (basal diet) were fed with typical commercial maize and soymeal-based rations in
mash form. The other 2 groups were treated with the same diet, after replacing 5% and 10% with dried
TM larvae, respectively. On d 35 (end of trial), meat samples were collected and analysed. Body weight,
feed intake, body weight gain and feed conversion ratio during the periods of 1 to 10 d (starter period), 11
to 24 d (grower period), 25 to 35 d (finisher period) and 1 to 35 d (total period) were assessed. Podo-
dermatitis, diarrhoea, feather score and litter conditions were also assessed during the trial. The results
indicated that TM larvae inclusion in the broilers' diet positively affected body weight gain values, as well
as the carcass yield, the meat composition and various welfare traits. Additionally, the dietary treatments
with TM larvae favourably affected meat composition and colour parameters, whereas there were also
some positive effects on lipid and protein oxidation. Saturated fatty acids were decreased by the dietary
supplementation whereas the polyunsaturated fatty acids to SFA ratio increased. In general, the study
showed that whole TM larvae addition can provide a promising alternative to soybean meal in the diet of
broilers, demonstrating a positive impact on growth, welfare and meat characteristics.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Poultry is undoubtedly the most widely consumed meat
worldwide, with an average consumption of 15.1 kg/capita per
year, whereas it is expected to represent almost 40% of all meat
proteins by 2030 (OECD/FAO, 2021). Its low price and its leaner
consistency compared to other types of meats, the modern food

* Corresponding author.
E-mail address: svasilopoulos@gmail.com (S. Vasilopoulos).
Peer review under responsibility of Chinese Association of Animal Science and

Veterinary Medicine.

Production and Hosting by Elsevier on behalf of KeAi

Contents lists available at ScienceDirect

Animal Nutrition

journal homepage: ht tp: / /www.keaipubl ishing.com/en/ journals /aninu/

https://doi.org/10.1016/j.aninu.2022.12.002
2405-6545/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Animal Nutrition 13 (2023) 90e100



preferences in relation to fat consumption, as well as various
ethical and religious barriers have all contributed to the increased
consumer preference for poultry meat (de Souza-Vilela et al.,
2021). Poultry meat is very rich in high biological value protein
and micronutrients, the former reaching as high as 34.5% in the
chicken breast (Pereira and Vicente, 2013), making it a nutritious
food, particularly low in fat. Moreover, poultry meat is a signifi-
cant supplier of polyunsaturated fatty acids (PUFA) (Farrell, 2013)
and plays an important role in the human diet; however, this also
depends on meat processing, such as preservation and cooking
(Mancinelli et al., 2021). Moreover, the essential amino acid
composition of poultry meat proteins, along with their high di-
gestibility and protein efficiency ratio (PER), offer high nutritive
value to human nutrition (Soriano-Santos, 2010).

Due to its importance for human nutrition, there is a strong and
continuously growing demand for poultry meat. Currently, soy-
bean meal and fishmeal are the main nutrient sources for poultry
feeds, as optimal production requires specific amino acids in
quantity and ratio. However, both soybean meal and fishmeal
productions are related to serious drawbacks, e.g., tropical defor-
estation (Song et al., 2021) or overfishing (Shannon and Waller,
2021). To alleviate these issues, the poultry industry is in search
of alternative poultry feed nutrient sources (Babatunde et al.,
2021; Martins et al., 2021). Among the alternative feeds tested,
the exploitation of insects may offer a promising alternative in
poultry nutrition in view of their nutritional value, the low envi-
ronmental footprint for their rearing (e.g., low GHG emission
levels), as well as their ability to convert organic secondary flows
into high-value commodities (van Huis and Oonincx, 2017). Insects
meet the dietary requirements of several livestock animals with
regard to nutritional composition (Sogari et al., 2019). It should not
be disregarded that, particularly for poultry, insects form a natural
food source, playing an important role in their welfare (Moula and
Detilleux, 2019). The recent approval of insects as ingredients for
poultry and swine diets [Commission Regulation (EU) 2021/1372]
has set the basis for further exploitation of insects by the poultry
industry in the coming years.

Various insect species have been evaluated as ingredients of
poultry feeds, such as the black soldier fly, Hermetia illucens (L.)
(Diptera: Stratiomyidae) (Maurer et al., 2016; Sypniewski et al.,
2020; Tahamtani et al., 2021) or the superworm, Zophobas morio
(F.) (Coleoptera: Tenebrionidae) (Kiero�nczyk et al., 2018; Benzertiha
et al., 2019, 2020; J�ozefiak et al., 2020). For instance, Benzertiha
et al. (2020) reported that the inclusion of a small amount of full-
fat meal from Z. morio in broiler chicken diets improved their
growth performance. Similarly, with a partial or total (50% or 100%,
respectively) replacement of the widely used soybean oil with
H. illucens larvae fat, there was no adverse effect reported on
growth attributes of young turkey poults (Sypniewski et al., 2020).
One insect species that has attracted considerable interest as a
poultry feed ingredient is Tenebrio molitor (TM) or yellow meal-
worm, L. (Coleoptera: Tenebrionidae) (DeMarco et al., 2015; Bovera
et al., 2015, 2016; Loponte et al., 2017; Biasato et al., 2019;
Benzertiha et al., 2019, 2020; Elahi et al., 2020). The larvae of TM
have been widely assessed in regards to their nutritional quality
and functional properties in several studies; their protein, essential
amino acid, vitamin and mineral content is higher than that of
plants, while they have shown exceptional effects on the growth
and digestibility of monogastric animals (De Marco et al., 2015;
Kiero�nczyk et al., 2018; Hong et al., 2020). However, despite the
considerable number of studies that have evaluated the dietary
inclusion of TM larvae in poultry feeds, most of the studies have
focused on the use of meals, rather than whole larvae.

In light of the foregoing, the objective of this study was to
examine the effect of the supplementation of whole TM larvae in

the basal diet of broilers on their growth performance, as well as on
several welfare traits and meat quality.

2. Materials and methods

2.1. Ethics and procedures

The experiment was part of the PhD thesis of Stelios Vasilo-
poulos and was approved by the General Assembly of the School of
Veterinary Medicine, Faculty of Health Science, Aristotle University
of Thessaloniki (928/17-1-2020). Husbandry, euthanasia and
experimental procedures were conducted in research facilities and
biosecurity precautions were taken, in line with the Greek legis-
lative framework related to experimental animals. The local Public
Veterinary Authorities have approved these procedures (Reg.
489181 (3254)/07.02.2018).

2.2. Animals, diet composition and experimental design

For the needs of the experiment, PINDOS APSI hatchery kindly
donated a total of 120 one-day-old male chicks (Ross 308, 2019).
These were randomly allocated into 3 groups of 10 birds each with
4 replicates. The allocated groups were housed in different pens
provided with infrared lamps as a source of heat. The trial took
place in the appropriately designed experimental premises of the
Hellenic Agricultural Organisation-DEMETER, Research Institute of
Animal Science, Giannitsa, Greece, in September and October 2020
(latitude 40.45�, longitude 22.27�). During the trial, the tempera-
ture, relative humidity and lighting were controlled according to
Aviagen breeding company's recommendations. A veterinary sur-
geon monitored the birds' health twice daily. During the 1st day in
the hatchery, spray vaccination was used to protect the birds
against Newcastle Disease (ND) while subcutaneous vaccination
was used against Infectious Bursal Disease (IBD). The control feed
did not contain any antimicrobial or anticoccidial agent.

The 2 experimental treatments were prepared by replacing 5%
(TM5) and 10% (TM10) of the basal diet with whole TM larvae (95%
and 90% basal diet remained, respectively), which were previously
dried. For this, the larvae were placed in thin layers on baking
plates, defrosted at room temperature and dried in a static rack
oven at 60 �C for 24 h. Maize and soybean meal in mash form
mainly comprised the control diet, whichwas formulated as per the
recommendations of the breeding company Aviagen (2019); the
detailed composition of the basal and the 2 experimental diets
tested are provided in Table 1.

2.3. Determination of total phenolic content (TPC)

The Folin-Ciocalteu method (Singleton et al., 1999) was used for
the determination of the total phenolic content of the diets. A
0.01 mL aliquot of the sample was added to 0.79 mL of double
distilled water, followed by the addition of 0.05 mL of Folin-
Ciocalteu reagent (CHEM-LAB NV, Zedelgem, Belgium). The solu-
tion was mixed in a vortex for 10 s with the subsequent addition of
0.15 mL of 20% (wt/vol) aqueous solution of Na2CO3 (99.8%, CHEM-
LABNV, Zedelgem, Belgium) after 1min. The emergingmixturewas
once again mixed in a vortex and kept under dark conditions for a
period of 2 h. Three replicates were conducted for each sample.
After the incubation period, the samples' absorbancewasmeasured
at 750 nm, with the use of a UVeVis spectrophotometer (UV-1800,
UV/Visible Scanning Spectrophotometer, SHIMADZU, Kyoto, Japan).
Gallic acid was used for the creation of the standard curve (gallic
acid 98þ%, Alfa Aesar, Heysham, United Kingdom) and results were
expressed in miligram gallic acid equivalents (GAE) per gram of
feed or insect larvae material.
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2.4. Performance parameters

Individual weighing of birds was performed at the start, before
being placed into the pens, and at specific time points: d 10 to
evaluate the starter period, d 24 to evaluate the grower period and
d 35 to evaluate the finisher period. Feed consumption was calcu-
lated within each subgroup after withdrawing the remaining feed,
4 h prior to weighing. Based on the data acquired, the average
weight gain (AWG) and the feed conversion ratio (FCR: weight of
feed consumed over the lifetime of the poultry divided by the
gained weight) were calculated for the starter, grower and finisher
periods, accordingly. The AWG was calculated by dividing weight
gain of individual birds during the corresponding period. Mortality
was monitored daily and recorded for each subgroup.

2.5. Welfare status

Footpad dermatitis was assessed on d 35. Two birds per pen
were randomly selected and both their footpads were simulta-
neously assessed after being brush cleaned. Hock burn presence
and severity was assessed with a score system of 0 to 2 (0 repre-
senting no evidence of footpad dermatitis; 2 representing severe
footpad dermatitis) (Butterworth et al., 2009). Similarly, the con-
dition of the feathers was evaluated on the same day on 2 birds per
pen with a scoring system of 1 to 3 (1: clean feathers; 3: very dirty
feathers) (Butterworth et al., 2009). Two birds from each pen were
also used to evaluate the diarrhoea score on d 35, with a scoring

system of 1 to 3 (1: absence of diarrhoea; 3: severe diarrhoea)
(Butterworth et al., 2009).

Faecal scorewas evaluated on the surface of each pen on d 10, 24
and 35; the scoring system used was 1 to 4 (1: firm and well-
formed faeces; 4: watery liquid faeces) (Butterworth et al., 2009).
On the same days, 2 samples were used for the evaluation of the
litter score, derived from pooled samples of 3 locations from every
pen; the scoring system used was 1 to 5 (1: dry, crumbly litter; 5:
capped or completely wet litter). After the 21st day and on aweekly
basis, equal quantities of freshwheat strawwere added to each pen.
The reason for this was the potential increase of litter moisture due
to water spillage from the bell drinkers.

On the same days, litter and faecal dry matter (DM) as well as
litter NH3 were analysed using the following process. Five litter
samples of 100 g each were collected from every pen (4 samples
were taken from the corners and 1 was taken from the centre of the
pen). Before the analyses the samples underwent pooled testing
twice after homogenisation (all 5 location samples were mixed
together and 2 values of litter DM per pen). For the determination
of litter DM, the samples were initially weighed with the use of
precision scales, then dried at a temperature of 120 �C for 6 h and
finally weighed once more to measure the difference in weight
(Clesceri et al., 1989). For the assessment of the litter and faecal
scores, a minimum of 5 subsamples of litter and a minimum of 3
subsamples of faeces were collected in order to reach a final sample
of 10 g of litter and 50 g of faeces. For the determination of litter
NH3, fresh litter samples were collected from every pen. Lastly, 2

Table 1
Broiler chicken basal diet and experimental diets with inclusion of 5% (TM5) and 10% (TM10) dried Tenebrio molitor (TM) larvae (%).

Item Basal diet TM5 TM10

Starter Grower Finisher Starter Grower Finisher Starter Grower Finisher

d 1e14 d 15e28 d 29e35 d 1e14 d 15e28 d 29e35 d 1e14 d 15e28 d 29e35

Ingredients
Maize 55.50 60.00 61.00 52.73 57.00 57.95 49.95 54.00 54.90
Soybean meal 35.77 30.70 28.62 33.97 29.16 27.18 32.19 27.62 25.75
Soybean oil 3.50 3.50 4.50 3.33 3.33 4.28 3.15 3.15 4.05
Palm fat 0.00 1.00 1.50 0.00 0.95 1.43 0.00 0.90 1.35
Calcium phosphate 1.46 1.33 1.28 1.38 1.26 1.22 1.31 1.20 1.15
Limestone (calcium carbonate) 1.86 1.68 1.53 1.77 1.60 1.45 1.67 1.50 1.37
Salt 0.28 0.23 0.23 0.27 0.22 0.22 0.25 0.21 0.21
Sodium carbonate 0.21 0.21 0.19 0.20 0.20 0.18 0.19 0.19 0.17
Lysine 0.41 0.40 0.35 0.39 0.38 0.33 0.37 0.36 0.32
Methionine 0.39 0.35 0.31 0.37 0.33 0.29 0.35 0.32 0.28
Threonine 0.22 0.21 0.15 0.21 0.20 0.14 0.20 0.19 0.14
Valine 0.15 0.14 0.09 0.14 0.13 0.09 0.14 0.13 0.08
Vitamin and mineral premix1 0.25 0.25 0.25 0.24 0.24 0.24 0.23 0.23 0.23
Tenebrio molitor larvae 0.00 0.00 0.00 5.00 5.00 5.00 10.00 10.00 10.00

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Proximate analysis (as fed basis)
Moisture 10.15 10.55 11.14 9.92 10.30 10.86 10.20 10.58 11.14
Protein 22.00 21.00 20.00 23.88 22.93 21.98 26.86 25.91 24.96
Crude fiber 2.85 2.65 2.55 3.48 3.29 3.20 4.26 4.07 3.97
Crude fat 4.84 6.11 6.65 6.28 7.48 8.00 7.96 9.16 9.68
Ash 6.12 5.65 5.58 5.91 5.46 5.40 6.00 5.56 5.49

Calculated analysis (as fed basis)
Total energy, kcal/kg 4,020.2 4,088.2 4,080.3 4,157.1 4,210.4 4,202.0 4,277.9 4,329.9 4,322.9
Lysine 1.41 1.28 1.15 1.44 1.32 1.19 1.54 1.42 1.29
Methionine þ Cystine 1.08 0.99 0.92 1.05 0.96 0.90 1.07 0.98 0.92
Methionine 0.73 0.67 0.62 0.72 0.66 0.61 0.74 0.68 0.63
Threonine 0.98 0.89 0.79 1.01 0.93 0.83 1.10 1.01 0.92
Tryptophan 0.28 0.25 0.24 0.30 0.27 0.26 0.34 0.31 0.30
Valine 1.10 1.02 0.92 1.13 1.06 0.96 1.22 1.14 1.05

1 Supplying per kilogram feed: 12,000 IU vitamin A, 5,000 IU vitamin D3, 30 mg vitamin E, 3 mg vitamin K, 3 mg thiamine, 7 mg riboflavin, 6 mg pyridoxine, 0.035 mg
vitamin B12, 40 mg niacin, 13 mg pantothenic acid, 1.5 mg folic acid, 0.13 mg biotin, 340 mg choline chloride, 55 mg Zn, 155 mg Mn, 20 mg Fe, 12 mg Cu, 0.2 mg Co, 1 mg I,
0.2 mg Se, and phytase 0.01 g.
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birds per replicate were picked after slaughter to measure the
spleen, bursa and thymus size.

2.6. Carcass characteristics, breast and thigh meat composition

The chemical composition of the meat was analysed for 2 birds
per replicate. The process involved individually marking the birds
with leg bands and transporting them to a commercial slaughter-
house for processing, according to normal practices. Carcass
scalding was performed at 61 to 65 �C for a period of 60 s and
defeathering was done for 25 s in a rotary drum picker. The car-
casses (head, feet but no intestines) underwent air chilling at 4 �C
and were weighed 24 h after slaughter. Breasts and legs of each
carcass were initially removed and wooden breast and white
striping scores were assessed with a scoring system of 0 to 2 (for
wooden breast 0: good; 2: severe; for white striping 0: normal and
without any white lines; 2: severe exhibition of white lines of
>1 mm thickness and parallel to muscle fibers). Evaluation of both
the above scores took place on the same birds. Similarly, breast and
thigh meat derived from the same birds was carefully deskinned
and deboned, ground through an industrial meat grinder and 200 g
samples of minced meat were analysed for their crude protein, fat
and moisture content. The analysis was done with the use of infra-
red spectroscopy, using a DA 7250 (PERTEN, Sweden) in trans-
mittance mode; the reference method used was 2007.04, relevant
to meat and meat products (Anderson, 2007).

2.7. Meat lipid and protein oxidation

Lipid oxidation of the broiler meat samples was evaluated
through the determination of thiobarbituric acid-reactive sub-
stances (TBARS), according to the method of Ahn et al. (2004) with
minor alterations. In brief, 5 g of breast and thigh meat subsamples
from refrigerated carcasses (4 �C) that were kept for 1 and 3 d were
collected and homogenised in an Ultra-Turrax T25 (Janke& Kunkel,
IKA Labortechnik, Staufen, Germany) in 15 mL of distilled water.
Next, 5 mL aliquots of the above homogenates were mixed with
50 mL of butylated hydroxyanisol (7.2%) in test tubes. Next, 5 mL of
TBA (20 mM trichloroacetic acid solution in 15% trichloroacetic
acid) was added to the test tubes. The final samples were mixed in a
vortex and incubated in a water bath at 100 �C for 15 min. After
cooling followed centrifugation of the samples at 1000 � g at 4 �C
for 15 min. Each organic supernatant's absorbance was determined
in a spectrophotometer (UV 1700 PharmaSpec, Shimadzu, Japan)
for absorbance at 532 nm. Lipid oxidation was determined through
the 2-thiobarbituric acid-reactive substance (TBARS) value,
expressed as nanograms of malondialdehyde per gram of meat.

Furthermore, protein carbonyls were measured in samples from
the same birds with the Patsoukis et al. (2004)method. In particular,
a quantity of 50 mL of trichloroacetic acid (TCA) solution 20% was
added to a 50 mL homogenated sample solution (diluted 1:2, vol/
vol); the mixture was incubated in an ice bath and then centrifuged
at 15,000 � g at 4 �C for 5 min. After discarding the supernatant
liquid, the remaining pellet was mixed with 2,4-
dinitrophenylhydrazine (DNPH) and incubated at room tempera-
ture under darkness for 1 h; then themix was centrifuged as before.
The supernatant liquid was again discarded, followed by the addi-
tion of 1mL of 10% TCA; themixturewas againmixed in a vortex and
centrifuged, as before. Once more, the supernatant liquid was dis-
carded and a quantity of 1 mL of ethanol-ethyl acetate (1:1, vol/vol)
was added, mixed in a vortex and centrifuged at 15,000 � g at 4 �C
for 2 to 3min. After the phase separation, the supernatant liquidwas
discarded and followed by the addition of 1 mL of urea solution
(5 mol/L) with a pH of 2.3; the new mixture then was mixed in a
vortex and incubated at 37 �C for 15 min. The final samples were

centrifuged at 15,000 � g at 4 �C for 3 min. The analyte of the assay
was carbonyl formation and it was detected by the reaction of
protein carbonyls with 2,4-dinitrophenylhydrazine (DNPH), which
subsequently converts to 2,4-dinitrophenylhydrazone (DNP-hydra-
zone); the latter is measured at 375 nm. According to the method,
the calculation of the concentration of protein carbonyls was based
on the molar extinction coefficient of DNPH (22 � 103 mol�1 cm�1).

2.8. Determination of meat fatty acids

For the determination of fatty acids, samples from the same
birds per subgroup were used. Aliquots of these samples under-
went freeze-drying for 48 h through a HyperCOOL HC8080 freeze-
dryer (Gyrozen Co., LTD, Gimbo, Korea) (�95 �C, 0.1 mbar,
1 bar¼ 0.1MPa). A household blender was used to grind the freeze-
dried samples and they were placed into a freezer until further
analysis. The Folch method (Folch et al., 1957) was used to extract
the total lipids from the samples. The procedure involved the
mixing of 2 g of ground sample with 40 mL chloroform-methanol
(2:1, vol/vol) solution (ChemLab, Zedelgem, Belgium), followed by
homogenisation with the aid of UltraTurrax (IKA, Staufen, Ger-
many) at 11,000 rpm for 3 min. The temperature of the samples
remained stable at around 15 �C in an ice bath and the extraction
was twice repeated. The extracts were filtered and phases were
separated with the addition of water. After removing the upper
phase, the lower chloroform phase was collected and dehydrated
with anhydrous Na2SO4, followed by drying in a rotary evaporator.
In order for the samples to undergo chromatographic analysis,
transesterification was carried out. In detail, a quantity of 0.1 g of
extracted lipids was weighed in a test tube, followed by the addi-
tion of 2 mL of n-hexane (ChemLab, Zedelgem, Belgium) and of
0.2 mL of a 2 mol/L methanolic solution of potassium hydroxide for
the preparation of fatty acid methyl esters (FAMEs). The mixture
was left to settle after being mixed in a vortex for 1 min, until a
transparent upper phase containing the FAMEs became evident.
This phase was collected and filtered through 0.45 mm PTFE hy-
drophobic filters, and then analysed by a gas chromatography
apparatus (TRACE GC 2000 Series, ThermoQuest CE Instruments,
Wigan, UK), equipped with a flame ionisation detector (FID) and an
autosampler (TRIPLUS AS ThermoQuest CE Instruments, Wigan,
UK). The column used was a BPX70 GC (30 m length, 0.32 mm i.d.,
0.25 mm film thickness, SGE Analytical Science, Melbourne,
Australia). The carrier gas was helium at a flow rate of 2.0 mL/min
and the injector port and detector temperature were maintained at
250 �C. Split ratiowas set to 1:20 and the total run timewas 60min.
The oven temperature was initially set at 46 �C for 2 min and then
increased to 130 �C at a stable rate of 50 �C/min for 10 min; then it
was raised to 175 �C at a rate of 2 �C/min and maintained at that
temperature for 2 min; then it was increased to 200 �C at a rate of
3 �C/min and maintained at that temperature for 3.5 min, before
rising to a plateau of 240 �C at a rate of 10 �C/min for 5 min. FAME
identificationwas based on the comparison of the sample retention
timeswith those of a 37 FAME standard (AccuStandard, NewHaven,
USA), which was analysed under the same chromatographic con-
ditions. The software used for the acquisition and processing of the
chromatograms was ChromQuest 5.0 (ver. 3.2.1, Thermo Separation
Products, Waltham, USA).

Apart from the FAMEs, other parameters that are useful for
assessing the nutritional value of the fatty acid profile were also
determined. These included the sum of saturated fatty acids
(
P

SFA), monounsaturated fatty acids (
P

MUFA) and poly-
unsaturated fatty acids (

P
PUFA); the n3 and n6 fatty acids (

P
n3

and
P

n6, respectively); the PUFA to SFA, the n3 to n6 and the
hypocholesterolaemic to hypercholesterolaemic (H:H) ratios. The
latter was determined with the use of the equation: H:H
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ratio ¼ P
C18:1 cis-9, C18 n-6, C20:4 n-6, C18:3 n-3, C20:3 n-6,

C20:5 n-3, C22:6/
P

C14:0, C16:0.

2.9. Meat colour evaluation

A Konica Minolta CR-400/410 colorimeter (Kyoto, Japan) was
used for the determination of the CIE L* (lightness), a* (redness), b*
(yellowness) colour parameters of breast and thigh meat. Mea-
surements were repeated 10 times at different points in every
sample and the conditions remained unchanged during measure-
ments. Results were expressed as the average of 10 values ± stan-
dard deviation (SD).

2.10. Statistical analysis

Data were collected according to a randomised complete block
design, with pens used as the experimental units. The minimum
total sample size required was defined prior to the trial initiation
and was based on the “Power analysis for one-way ANOVA”
methodology (Charan and Kantharia, 2013; IBM, 2021), with the
G*Power 3.1.9.2 software (Faul et al. University of Kiel, Germany)
and power set at� 0.80. Variance analysis of the trial data (ANOVA)
was done with the aid of the SPSS v27.0.1.0 statistical package (SPSS
Inc./IBM Corp., Armonk, New York, USA). The level of statistical
significance (P-value) was set at 0.05 and post-hoc comparisons
were performed with the aid of Tukey's tests.

3. Results

3.1. Total phenolic content

The control feed presented a total phenolic content value of
0.51 mg gallic acid equivalents per gram of dry matter. TM5 and
TM10 groups presented values of 17.6 and 20.4 mg gallic acid
equivalents per gram diet, respectively for the 2 different inclusion
levels of insect larvae.

3.2. Performance parameters

No mortality occurred in any of the monitored groups across
the starter, grower or finisher period. Growth parameters evalu-
ated, such as body weight gain, feed intake and FCR values
calculated for the different dietary treatments tested are pre-
sented in Table 2. The 10% TM larvae addition showed a positive
effect on the birds' live body weight (LBW) in comparison with the
other 2 groups during the starter period, whereas during the
finisher period the TM10 group was significantly higher only
compared to the TM5 group. Feed intake (FI) was significantly
higher in both the TM10 and the control groups (3,823 and
3,808 g, respectively) compared to the TM5 group (3,613 g) during
the whole trial period. Consequently, body weight gain (BWG)
was significantly higher in the TM10 group for the whole exper-
imental period, while the TM5 exhibited the lowest performance
among treatments; higher BWG was also evident during the
starter period for the TM10 group, while the control group pre-
sented the lowest BWG. With regards to FCR, the experiment
showed no significant differences among the different dietary
treatments during the total trial period.

The consumption rate was assessed at 240, 370 and 210 g/h for
the control, TM5 and TM10 groups, respectively during the first
hour, and 190, 250 and 185 g/h, respectively for the first 2 h period
of the 34th day.

3.3. Welfare status

Litter score presented no significant differences among the
different treatments throughout the experimental period (Table 3).
Litter moisture, however, was significantly higher for the control
and the TM10 groups on d 10 compared to the TM5 group
(P < 0.05). No significant differences were recorded among treat-
ments on d 24 and d 35.

Pododermatitis, diarrhoea and feather scores are presented in
Table 4. Pododermatitis at d 35 was significantly higher for the
TM10 group, compared to the TM5 group (P < 0.05). Diarrhoea
score showed no significant differences throughout the entire trial
period.

Regarding feather score, no significant differences were found
among treatments during the entire trial period, however, the 2
groups fed with insect larvae showed slightly better scores than the
control group, as shown in Table 4.

Significantly higher faecal litter moisturewas found in the TM10
group on d 24 in comparison with the other 2 treatments (24.28
compared to 21.54 and 22.37 for the control and TM5, respectively).

Table 2
Effect of dietary replacement with dried Tenebrio molitor (TM) larvae on broiler
chicken performance.

Item Control 1 TM5 1 TM10 1 SEM P-value

Live body weight, g
d 1 46.83 45.90 46.08 0.35 0.572
d 10 362.95 364.23 387.98 5.10 0.061
d 24 1,399.55 1,346.73 1,437.58 18.53 0.127
d 35 2,262.25 ab 2,208.25b 2,346.50a 22.58 0.021
Feed intake per chicken, g
d 1e10 315.78 318.80 320.90 1.48 0.402
d 11e24 1,666.58 1,592.90 1,661.75 37.27 0.707
d 25e35 1,826.13 1,701.10 1,840.50 41.35 0.350
d 1e35 3,808.43a 3,612.80b 3,823.13a 36.24 0.011
Body weight gain, g
d 1e10 316.12 318.32 341.90 5.33 0.076
d 11e24 1,036.60 982.50 1,049.60 17.67 0.281
d 25e35 862.70 861.53 908.93 12.62 0.231
d 1e35 2,215.42 ab 2,162.35b 2,300.43a 22.55 0.021
Feed conversion ratio, g feed/g weight gain
d 1e10 1.000 1.007 0.939 0.018 0.244
d 11e24 1.615 1.624 1.585 0.041 0.933
d 25e35 2.115 1.979 2.023 0.038 0.349
d 1e35 1.720 1.672 1.662 0.017 0.359

a,b Values in the same row with no common superscript differ significantly
(P < 0.05).

1 Control: basal diet; TM5, TM10 diets provided with inclusion levels of dried
whole T. molitor larvae at 5% and 10%, respectively.

Table 3
Effect of dietary supplementation with dried Tenebrio molitor (TM) larvae on litter
score and litter moisture.

Item Control1 TM51 TM10 1 SEM P-value

Litter score2

d 10 1.60 1.50 1.60 0.12 0.935
d 24 1.20 1.20 1.20 0.07 1.000
d 35 1.10 1.20 1.10 0.06 0.769
Litter moisture
d 10 35.62a 32.29b 35.25a 0.61 0.044
d 24 26.37 23.91 25.19 0.49 0.122
d 35 27.34 23.39 24.35 0.72 0.059

a,b Values in the same row with no common superscript differ significantly
(P < 0.05).

1 Control: basal diet; TM5, TM10 diets provided with inclusion levels of dried
whole T. molitor larvae at 5% and 10%, respectively.

2 Litter score: 5-point scoring system ranging from 1 to 5 (1 illustrates dry and
crumbly litter and 5 illustrates capped or completely wet litter).
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Nevertheless, no other significant differences were noted for the
remaining evaluation points. Additionally, litter NH3 was found
significantly higher in the control and TM10 groups in comparison
with the TM5 group on d 35 (P < 0.05). The results are shown in
Table 5.

Table 6 shows the results for the main lymphoid organs. No
differences were evident for thymus or bursa weight, contrary to
spleen weight, which was significantly higher for the 2 groups fed
the insect larvae-based diets (P < 0.05).

Carcass yield after slaughter presented a significant increase in
the TM10 group in comparison with the other 2 groups (P < 0.05).
As far as wooden breast and white striping scores were concerned,
the 3 groups presented no significant differences (Table 7).

3.4. Breast and thigh meat composition and oxidative status

The meat moisture content was found significantly higher in
both breast and thighmeat of the TM5 group compared to the other
2 groups; additionally, the protein content was significantly
increased in the thigh samples of both treated groups compared to
the control. A significant reduction was also evident in the fat
content of the thigh meat of both treated groups compared to the
control (Table 8).

Determination of TBARS was performed in meat samples kept
under refrigeration. On the first day of refrigeration, TBARS were
significantly higher in the control group in relation to the treated
groups, followed by the TM10 group and then the TM5 one, in
breast and thigh meat samples alike. On d 3 however, breast
samples exhibited significantly higher values in the TM10 group
and lower in the control, whereas in thigh samples, the TM5 group
presented significantly higher TBARS values in comparisonwith the
other 2 groups (Table 8).

Table 4
Effect of dietary replacement with Tenebrio molitor (TM) larvae on broilers' podo-
dermatitis, diarrhoea and feather scores.

Item Control 1 TM5 1 TM10 1 SEM P-value

PD 2 score
d 35 0.80 ab 0.30b 1.20a 0.124 0.007
Diarrhoea score 3

d 35 1.70 1.70 1.50 0.131 0.785
Feather score 4

d 35 2.75 2.88 2.88 0.38 0.767

a,b Values in the same row with no common superscript differ significantly
(P < 0.05).

1 Control: basal diet; TM5, TM10 diets provided with inclusion levels of dried
whole T. molitor larvae at 5% and 10%, respectively.

2 PD: pododermatitis (footpad dermatitis).
3 Diarrhoea score: 3-point scoring system ranging from 1 to 3 (1 indicates absence

of diarrhoea and 3 indicates severe diarrhoea).
4 Feather score: 3-point scoring system ranging from 1 to 3 (1 refers to clean

feathers and 3 refers to very dirty feathers).

Table 5
Effect of dietary replacement with Tenebrio molitor (TM) larvae on faecal litter
moisture and litter NH3 concentration.

Item Control 1 TM5 1 TM10 1 SEM P-value

Faecal litter moisture
d 10 23.46 22.67 22.98 0.208 0.305
d 24 21.54b 22.37b 24.28a 0.349 0.002
d 35 21.22 20.72 20.83 0.297 0.782
Litter NH3 concentration
d 10 1.21 1.19 1.20 0.010 0.804
d 24 1.16 1.13 1.17 0.007 0.052
d 35 1.24a 1.15b 1.24a 0.012 <0.001

a,b Values in the same row with no common superscript differ significantly
(P < 0.05).

1 Control: basal diet; TM5, TM10 diets provided with inclusion levels of dried
whole T. molitor larvae at 5% and 10%, respectively.

Table 6
Effect of dietary replacement with dried Tenebrio molitor (TM) larvae on broiler
lymphoid organs' weight.

Lymphoid organs Control 1 TM5 1 TM10 1 SEM P-value

Thymus 1.43 1.58 1.38 0.044 0.147
Bursa 2.32 2.31 2.22 0.038 0.494
Spleen 1.84b 2.51a 2.48a 0.083 <0.001

a,b Values in the same row with no common superscript differ significantly
(P < 0.05).

1 Control: basal diet; TM5, TM10 diets provided with inclusion levels of dried
whole T. molitor larvae at 5% and 10%, respectively.

Table 7
Effect of dietary supplementation with Tenebrio molitor (TM) larvae on broiler
chicken carcass yield, wooden breast score and white striping score.

Item Control 1 TM5 1 TM10 1 SEM P-value

Carcass yield, g
d 35 1,778.11b 1,739.42b 1,937.58a 27.696 <0.001
Wooden breast score 2

d 35 0.583 0.333 0.333 0.073 0.291
White striping score 2

d 35 0.667 0.584 0.667 0.064 0.857

a,b Values in the same row with no common superscript differ significantly
(P < 0.05).

1 Control: basal diet; TM5, TM10 diets provided with inclusion levels of dried
whole T. molitor larvae at 5% and 10%, respectively.

2 Wooden breast and white striping scores, using categories from 0 to 2 (for
wooden breast: 0 represents good and 2 represents severe; for white striping:
0 represents normal without any distinctive white lines and 2 represents severe,
exhibiting white lines in parallel to muscle fibres, that were more than 1 mm thick).

Table 8
Effect of dietary replacement with Tenebrio molitor (TM) larvae on broiler chicken
breast and thigh meat composition, TBARS1 values and protein carbonyls.

Item Control 2 TM5 2 TM10 2 SEM P-value

Breast meat
Moisture, % 73.51b 77.54a 73.98b 0.56 <0.001
Protein, % 23.90 24.49 24.24 0.17 0.391
Fat, % 1.68 1.24 1.29 0.10 0.147
Thigh meat
Moisture, % 74.75b 76.88a 74.92b 0.309 <0.001
Protein, % 20.33b 21.60a 21.30a 0.176 <0.001
Fat, % 4.22a 2.67b 2.82b 0.223 <0.001
Breast meat TBARS,

ng malondialdehyde/g
meat

d 1 0.065a 0.045c 0.050b 0.002 <0.001
d 3 0.030b 0.035b 0.050a 0.003 <0.001
Thigh meat TBARS,

ng malondialdehyde/g
meat

d 1 0.090a 0.059c 0.073b 0.004 <0.001
d 3 0.026b 0.043a 0.024b 0.003 <0.001
Breast meat protein carbonyls,

nmol carbonyl/mg protein
0.420b 0.149c 0.590a 0.040 <0.001

Thigh meat protein carbonyls,
nmol carbonyl/mg protein

0.275b 0.213b 0.740a 0.057 <0.001

a,b,c Values in the same row with no common superscript differ significantly
(P < 0.05).

1 TBARS: thiobarbituric acid reactive substances.
2 Control: basal diet; TM5, TM10 diets provided with inclusion levels of dried

whole T. molitor larvae at 5% and 10%, respectively.
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Dietary supplementationwith insect larvae-based diets affected
the protein carbonyls of both breast and thigh meat. The TM10
group displayed significantly higher values in both cases (P < 0.05),
followed by the control group, while the TM5 group exhibited the
lowest values, showing a significant decrease in the breast, as
compared with the TM10 group (Table 8).

3.5. Fatty acid composition

The effect of the dietary replacement on the fatty acid
composition of the breast and thigh meat of broilers are presented
in Tables 9 and 10, respectively. Partial replacement of the
broilers' basal diet with TM larvae resulted in a significant
reduction of the total SFA in both meat types. This was mainly due
to the decrease in the palmitic and stearic acids. Regarding MUFA,
both treatments resulted in an increase in the breast meat,
whereas only the TM10 treatment showed a positive effect on the
total MUFA in the thigh meat. Specifically, the oleic acid was
increased in both treatments, this being more evident in the thigh
meat, while palmitoleic increased in breast meat samples but
decreased in thigh meat ones. As far as PUFA are concerned,
treatments showed a reduction in the breast and an increase in
the thigh meat. Linoleic acid presented a significant increase in
both meat types and especially with the TM10 treatment, while g-
linolenic was significantly reduced with the TM5 treatment in
both meat types; it was however increased with the TM10

treatment in the breast meat. Linolenic and cis-11,14-
eicosadienoic acids remained unchanged; moreover, arachidonic
acid was reduced whereas cis-4,7,10,13,16,19-docosahexaenoic
showed a reduction in the breast meat and an increase in the
thigh meat after altering the diets.

As for the total n-3 fatty acids, the TM5 treatment had a sig-
nificant increase in the thigh meat but showed no significant effect
on breast meat; the TM10 treatment, however, presented a signif-
icant decrease in the n-3 fatty acids in the breast and a significant
increase in the thigh meat. Similarly, a significant reduction of the
total n-6 fatty acids in breast meat and a significant increase in the
thigh meat were observed after both treatments in comparison
with the control group. As far as the n-6 to n-3 ratio was concerned,
it was significantly decreased in the breast meat after 5% replace-
ment of the basal diet with TM larvae and in the thigh meat after
10% replacement; the latter did not have an effect on the ratio in the
breast meat, while the TM5 replacement significantly increased the
ratio in the thigh meat.

Altogether, the PUFA to SFA ratio remained unchanged in the
breastmeat after both treatments. On the contrary, both treatments
caused a significant increase of this ratio in the thigh meat, which
was particularly evident after the TM10 treatment. Finally, the
hypocholesterolaemic to hypercholesterolaemic ratio remained
unchanged after part-replacement of broilers' diets with 5% TM
larvae. However, the TM10 treatment showed opposite results;
contrary to the breast meat where the hypocholesterolaemic to

Table 9
Effect on fatty acid composition (g/100 g of total fatty acids) of broilers' breast meat fed with Tenebrio molitor (TM) larvae.

Fatty acid Control 1,2,3 TM5 1,2,3 TM10 1,2,3

Myristic (C14:0) 0.45 ± 0.05c 1.06 ± 0.02a 0.59 ± 0.03b

Palmitic (C16:0) 22.28 ± 0.15a 21.54 ± 0.06b 21.62 ± 0.24b

Palmitoleic (C16:1 cis) 0.38 ± 0.02c 1.55 ± 0.01b 2.19 ± 0.02a

Heptadecanoic (C17:0) 0.17 ± 0.03b 0.29 ± 0.03a 0.23 ± 0.03ab

Stearic (C18:0) 11.84 ± 0.01a 10.20 ± 0.05b 9.96 ± 0.76c

Oleic (C18:1 cis u9) 26.36 ± 0.02b 27.08 ± 0.11a 26.29 ± 0.23b

Linoleic (C18:2 cis u6) 25.93 ± 0.03a 26.09 ± 0.10b 27.63 ± 0.32a

Arachidic (C20:0) 0.11 ± 0.01a 0.16 ± 0.05b 0.15 ± 0.02a

g-Linolenic (C18:3 cis u6) 1.44 ± 0.03a 1.08 ± 0.02b 1.79 ± 0.05a

Linolenic (C18:3 cis u3) 0.35 ± 0.02 0.32 ± 0.03 0.29 ± 0.09
Heneicosanoic (C21:0) 1.02 ± 0.01b 1.19 ± 0.01a 1.09 ± 0.05b

cis-11,14-Eicosadienoic
(C20:2 cis u6)

0.17 ± 0.02 0.15 ± 0.03 0.16 ± 0.03

Behenic (C22:0) 0.92 ± 0.03b 0.88 ± 0.05b 1.07 ± 0.06a

cis-8,11,14-Eicosatrienoate
(C20:3 cis u6)

6.26 ± 0.09a 5.80 ± 0.13b 4.75 ± 0.04c

Erucic (C22:1 cis u9) 0.19 ± 0.03 0.17 ± 0.03 0.16 ± 0.03
Arachidonic (C20:4 cis u6) 0.26 ± 0.01a 0.15 ± 0.01b 0.19 ± 0.03b

Nervonic (C24:1 cis u9) 1.01 ± 0.02a 0.73 ± 0.05b 0.79 ± 0.03b

cis-4,7,10,13,16,19-Docosahexaenoic
(C22:6 cis u3)

0.64 ± 0.10a 0.67 ± 0.09a 0.58 ± 0.02b

P
SFA 4 37.00 ± 0.14a 35.67 ± 0.06b 34.88 ± 0.61c

P
MUFA 5 27.94 ± 0.15c 29.82 ± 0.09b 29.58 ± 0.25a

P
PUFA 6 35.05 ± 0.05a 34.51 ± 0.10b 35.54 ± 0.39a

P
n3 7 0.99 ± 0.02a 0.99 ± 0.07a 0.88 ± 0.11b

P
n6 8 8.13 ± 0.03a 7.43 ± 0.09b 7.04 ± 0.09c

PUFA to SFA ratio 0.95 ± 0.07 0.97 ± 0.11 1.02 ± 0.03
n-6 to n-3 ratio 8.19 ± 0.17a 7.51 ± 0.05b 8.03 ± 0.05a

Hypocholesterolemic to
hypercholesterolemic ratio 9

2.40 ± 0.05a 2.45 ± 0.03a 1.62 ± 0.04b

1 Control: basal diet; TM5, TM10 diets provided with inclusion levels of dried whole T. molitor larvae at 5% and 10%, respectively.
2 Each value is the mean of triplicate determinations ± SD.
3 Different superscripts (a, b, c) within the same row indicate significant differences according to Tukey's post-hoc test (P < 0.05).
4 Saturated fatty acids.
5 Monounsaturated fatty acids.
6 Polyunsaturated fatty acids.
7 Omega-3 fatty acids.
8 Omega-6 fatty acids.
9 Hypocholesterolemic to hypercholesterolemic fatty acid ratio¼P

C18:1cis-9, C18 n-6, C20:4 n-6, C18:3 n-3, C20:3 n-6, C20:5 n-3, C22:6/
P

C14:0, C16:0.
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hypercholesterolaemic ratio was decreased, the latter presented a
significant increase in the thigh meat.

3.6. Meat colour evaluation

Partial replacement of broiler diet with TM larvae affected breast
and thigh meat colour parameters (Table 11). Lightness (L*) was
significantly higher (P < 0.05) in treated samples compared to the
control group; the TM5 group presented the highest value in both
types of meat. Redness (a*) was significantly higher in the TM10
group for both types of meat, however, the 5% TM larvae inclusion
did not increase the redness of the breast meat, as was the case for

the thigh meat. Similarly, yellowness (b*) was significantly
increased in the TM10 group for both meat types, while the TM5
group significantly increased only the thigh meat yellowness value.

4. Discussion

This study aimed to evaluate the impact of TM larvae inclusion
as a feed additive in the diet of broiler chickens, with minimal
processing. Not surprisingly, there is disproportionately little data
regarding the provision of whole larvae to chickens, as compared
with the provision of processed insect meals, e.g., as pellets or flour.
For instance, De Marco et al. (2015) fed broiler chickens with 2
experimental diets inwhich the basal diet was partially substituted
by TM or H. illucens meal. In a similar study with broiler chickens,
Pretorius (2011) replaced half of a basal diet based on maize meal
with dried housefly larvae meal. Apart from insect meal, several
researchers have studied the insect fat inclusion in broiler diets.
Indicatively, Kiero�nczyk et al. (2018) partially replaced soybean oil,
which is commonly used in broiler chicken nutrition, with fats
obtained from TM or Z. morio larvae. However, limited results exist
on whole larvae inclusion in the diets of broiler chickens. To our
knowledge, this research is the first to examine the effect of the
partial replacement of a basal diet with whole TM larvae in broiler
chicken nutrition. It must be noted though, that the legislative
framework for the use of whole dried insect larvae varies among
different countries. For instance, in Canada the use of dried whole
black soldier fly larvae is approved as chicken feed (L€ahteenm€aki-
Uutela et al., 2017), whereas in USA dried whole black soldier fly
larvae are only permitted for use in aquafeeds for salmonids
(L€ahteenm€aki-Uutela et al., 2021). As far as EU legislation is

Table 10
Effect on fatty acid composition (g/100 g of total fatty acids) of broilers' thigh meat fed with Tenebrio molitor (TM) larvae.

Fatty acid Control 1,2,3 TM5 1,2,3 TM10 1,2,3

Myristic (C14:0) 0.54 ± 0.02b 1.06 ± 0.03a 0.72 ± 0.10b

Myristoleic acid (C14:1) 0.13 ± 0.05 0.09 ± 0.01 0.11 ± 0.02
Palmitic (C16:0) 22.00 ± 0.38a 20.92 ± 0.13b 20.07 ± 0.15b

Palmitoleic (C16:1 cis) 4.31 ± 0.06a 2.68 ± 0.03c 3.22 ± 0.45b

Heptadecanoic (C17:0) 0.16 ± 0.03b 0.27 ± 0.05ab 0.22 ± 0.01b

Stearic (C18:0) 11.76 ± 0.91a 8.49 ± 0.44b 4.50 ± 0.23c

Oleic (C18:1 cis u9) 30.37 ± 0.42c 31.60 ± 0.09b 32.49 ± 1.05a

Linoleic (C18:2 cis u6) 25.85 ± 0.51c 27.79 ± 0.13b 32.31 ± 0.58a

Arachidic (C20:0) 0.19 ± 0.01 0.19 ± 0.02 0.21 ± 0.03
g-Linolenic (C18:3 cis u6) 2.12 ± 0.04a 1.54 ± 0.03b 2.22 ± 0.04a

Linolenic (C18:3 cis u3) 0.37 ± 0.04 0.29 ± 0.01 0.33 ± 0.02
Heneicosanoic (C21:0) 0.36 ± 0.03b 0.53 ± 0.03a 0.44 ± 0.01b

Behenic (C22:0) 0.26 ± 0.07b 0.42 ± 0.03a 0.33 ± 0.02b

cis-8,11,14-Eicosatrienoate (C20:3 cis u6) 1.09 ± 0.05b 2.70 ± 0.11a 0.10 ± 0.02c

Nervonic (C24:1 cis u9) 0.21 ± 0.05b 0.38 ± 0.07a 0.30 ± 0.03a

cis-4,7,10,13,16,19-Docosahexaenoic (C22:6 cis u3) 0.11 ± 0.05b 0.23 ± 0.02a 0.21 ± 0.03a
P

SFA4 35.28 ± 0.64a 32.21 ± 0.15a 26.61 ± 3.17b
P

MUFA5 35.02 ± 0.39b 34.94 ± 0.14c 36.23 ± 1.76a
P

PUFA6 29.70 ± 0.55c 32.84 ± 0.11b 37.16 ± 1.41a
P

n3 7 0.48 ± 0.04c 0.52 ± 0.05b 0.61 ± 0.05ab
P

n6 8 3.36 ± 0.07b 4.53 ± 0.09a 4.24 ± 0.05a

PUFA to SFA ratio 0.84 ± 0.05b 1.02 ± 0.03a 1.42 ± 0.24ab

n6 to n3 ratio 7.05 ± 0.59a 8.78 ± 0.29a 6.96 ± 0.57b

Hypocholesterolemic to hypercholesterolemic ratio 9 2.60 ± 0.05b 2.79 ± 0.05b 3.31 ± 0.69a

1 Control: basal diet; TM5, TM10 diets provided with inclusion levels of dried whole T. molitor larvae at 5% and 10%, respectively.
2 Each value is the mean of triplicate determinations ± SD.
3 Different superscripts (a, b, c) within the same row indicate significant differences according to Tukey's post-hoc test (P < 0.05).
4 Saturated fatty acids.
5 Monounsaturated fatty acids.
6 Polyunsaturated fatty acids.
7 Omega-3 fatty acids.
8 Omega-6 fatty acids.
9 Hypocholesterolemic to hypercholesterolemic fatty acid ratio ¼ (

P
C18:1cis-9, C18 n-6, C20:4 n-6, C18:3 n-3, C20:3 n-6, C20:5 n-3, C22:6)/

(
P

C14:0, C16:0).

Table 11
Effect of dietary replacement of broilers' diets with whole Tenebrio molitor (TM)
larvae on breast and thigh meat colour parameters.1

Parameter Control 2 TM5 2 TM10 2

Breast colour
L* 41.46 ± 0.71c 50.63 ± 2.50a 49.27 ± 0.60b

a* 3.55 ± 0.35b 3.17 ± 0.37c 7.67 ± 0.50a

b* 5.81 ± 0.05b 4.97 ± 1.69c 11.35 ± 0.27a

Thigh colour
L* 40.76 ± 0.19c 50.84 ± 1.31a 49.27 ± 0.60b

a* 3.83 ± 0.06c 6.38 ± 1.08b 7.67 ± 0.50a

b* 5.81 ± 0.04c 8.27 ± 1.73b 11.35 ± 0.26a

a,b,c Different superscript letters within the same row indicate statistically significant
differences according to Tukey's post-hoc test (P < 0.05).
L* stands for lightness, a* for redness and b* for yellowness.

1 Each value is the mean of 10 values ± SD.
2 Control: basal diet; TM5, TM10 diets provided with inclusion levels of dried

whole T. molitor larvae at 5% and 10%, respectively.
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concerned, insect proteins used for feed must be previously pro-
cessed, as described in EU Regulation 142/2011.

The results of the present study showed a significantly higher
live body weight of the birds in the TM10 group in comparisonwith
the control and the TM5 group in 2 out of 3 evaluation points (d 10
and 35). Variable results have been reported so far with regard to
the growth performance of broilers that were fed insect-based di-
ets. The live weight of male broiler chickens increased linearly
when the TMmeal increased for young birds (d 12 and 25) and took
its highest value when TMmeal was included at a rate of 15% in the
diet (Biasato et al., 2018). In the same study though, the highest live
weight at the end of the trial was found in the 5% inclusion level
group. In another recent study of Biasato et al. (2018), insect larvae
meal has been included at 3 graded levels of 5%, 10% and 15% of
isoproteinic and isocaloric diets. Results of this study showed that
body weight response is linear between 12 and 25 d and has a
maximum quadratic response to dietary TM15 inclusion level.
Similarly, a linear response at 10 to 12 d and a quadratic effect
between 12 and 25 d was also observed for feed intake. Moreover,
FCR showed a linear response between 25 and 53 d, with a
maximum 15% TM dietary inclusion.

Improved growth rates compared to the control were also noted
for chickens fed with diets in which TM meal replaced almost 30%
of the soybean meal (Bovera et al., 2015). However, in other studies
TM meal inclusion did not present a significant effect on chicken
growth (Ramos-Elorduy et al., 2002; Biasato et al., 2016). For
instance, bird growth remained unaffected when TM meal was
included at rates of 5% and 10% (Ramos-Elorduy et al., 2002) or 7.5%
(Biasato et al., 2016) in fast and intermediate-growing chickens'
diets, respectively.

The increase in the body weight of birds fed insect-based diets
has been related to increased feed intake, which in turn has been
attributed to the higher palatability of these diets (Biasato et al.,
2018). In the present study, higher feed intake was calculated for
the 10% inclusion rate in comparison to the 5% rate for the entire
duration of the trial. Based on our visual observations during
feeding, the birds seemed very eager to consume the larvae, picking
them first and then consuming the rest of the diet. In a feed-choice
test, a preference of broiler quails was evident for diets with
H. illucens meal (Cullere et al., 2016), indicating that birds are
evolutionarily adapted to this natural eating habit (Oddon et al.,
2021). Similar studies indicate that 5% substitution is probably
too low to make a difference to basic growth and performance in-
dicators, and higher percentages are needed. The increase in the
consumption rate is a reliable indicator that the provision of larvae
is successful; however, the increase of the substitution percentage
does not necessarily correspond to an analogous increase in feed
intake or FCR improvement. In our study, it was found that 5% in-
clusion level of larvae in the diet increased the consumption rate;
however, the 10% inclusion increased the feed intake. One possible
explanation is that low and medium inclusion of larvae is accom-
panied with higher palatability of the feed, whereas, high to very
high inclusion levels of larvae may lead to a feed-focus disruption,
as birds may spend more time on pecking specifically insects.
Eventually, chickens may also increase feed intake by spending
more time on eating.

The overall bird health was evaluated through the assessment of
various welfare characteristics. Addition of whole larvae in the
birds' normal diets showed minimal effect on footpad dermatitis
(FPD), while litter moisture, litter and diarrhoea scores were un-
affected. The most important factor affecting FPD is the litter con-
dition in the pen (Bessei, 2006), which in turn is partly affected by
diet composition (Jones et al., 2005). This casts an additional indi-
cation that whole TM larvae do not cause any disorders to these
characteristics and the results stand in accordance with those of

Ramos-Elorduy et al. (2002) and Biasato et al. (2016). Thus, values
for litter NH3 concentration for treated birds were found to be
similar to the control group, while faecal litter moisture was
negatively affected only during the grower phase. As mentioned
above, there are earlier studies that illustrate that the substitution
of meals with insects may provide contradicting results in the
above characteristics, either positive or negative. Moreover, the
inclusion of insect larvae positively affected the carcass yield
without affecting the visual meat quality. Lipid peroxidation
through TBARS evaluation showed lower values, especially evident
in the thigh meat on d 1 and for the highest inclusion level; on the
contrary, protein carbonyls were found to be higher in the TM10
group. A possible explanation for the delay in lipid oxidation could
be the higher TPC content of the TM supplemented diets, whereas
higher protein inclusion of the diet might be associated with higher
values of protein oxidation.

Insect larvae can act as a sustainable addition to animal feeds,
providing valuable amounts of energy, protein and fat to their diets
(de Souza-Vilela et al., 2019). Sogari et al. (2019) refers to their role
as novel feed additives, since they contain immune-boosting
bioactive components (such as antimicrobial agents, chitin etc.)
and can improve animal gut health. It is a source of feed rich in
proteins and fats but still requires further technological evolution
and research in order to make it affordable in comparison to cur-
rent proteinaceous commodities. Moreover, insect farming will
need to provide evident proof for the avoidance of heavy metals
and other toxic substances that may pass through the insects' and
consequently the broilers' intestinal path; and also, the effect of any
allergies caused to the animals. Interestingly, our results show that
the increase of larval containment from 5% to 10% does not
necessarily mean a further improvement of all characteristics, at
least in the case of the ones where the inclusion of larvae had a
positive effect. In fact, there were cases where 5% replacement
performed better, compared with 10% replacement, suggesting that
there is a “cutline” in this substitution. Hence, prioritisation of the
characteristics that need to be improved should be one of the key
elements in calculating the percentage of the inclusion of insects in
the standard diet.

Insects are an important source of fat and fatty acids. Dietary
replacement with TM larvae significantly affected the fatty acid
composition of meat in the treated groups. According to Soriano-
Santos (2010), the low-fat content of chicken meat, cholesterol,
the total PUFA content and particularly the beneficial n-3 PUFA as
well as the atherogenicmyristic acid (C14:0) contribute to a healthy
diet. In this trial, the total amount of SFA was reduced in both
treated groups while thigh meat presented significantly increased
amounts of PUFA and the PUFA to SFA, n6/n3 and Н/Н ratios. It
seems that thighmeat, which naturally contains a higher amount of
fat compared to breast meat, is more prone enrichment with PUFA
originating from insect larvae; especially when supplemented at
the highest inclusion level. Dietary replacement with TM larvae
also displayed a positive impact on both breast and thigh meat fat
content (Table 5), whereas myristic acid increased after both
treatments. An increased MUFA percentage was observed, which
was mainly attributed to the higher content of palmitoleic and oleic
acids in breast and thigh meat, respectively, which is in accordance
with other trials with HI (Schiavone et al., 2019). Additionally, the
role of n-3 and n-6 fatty acids in human nutrition is crucial due to
their regulatory role in the cardiovascular system. Both fatty acid
families compete with each other for the same enzymes and an
increase in one may cause a decrease in the other. Despite the
important changes monitored during this trial, the n-6 to n-3 ratio
remained largely unaffected, with a significant increase only in the
thighmeat of birds fedwith TM5. Lastly, the nutritional value of fats
can be assessed by the PUFA to SFA and hypocholesterolemic to
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hypercholesterolemic ratios, with low values being unfavourable
due to a potential cholesterolemia increase. In our study, the PUFA
to SFA ratio was slightly increased in the breast meat but signifi-
cantly higher in the thigh meat of treated birds; on the other hand,
the hypocholesterolaemic to hypercholesterolaemic ratio was
significantly higher in the thigh meat, but reduced in the breast
meat of treated birds compared to the control group. These values
may indicate a positive effect on broiler meat but further analysis of
fatty compounds would be needed in order to provide more
detailed information. It was also noted that the fat content of the
treated diets was substantially increased, in proportion to the in-
clusion level of insect larvae. Moreover, it was evident that both
treated groups presented increased PUFA and decreased SFA; these
changes however, were more evident in the thigh meat. The above
findings of higher fat content and higher unsaturated fatty acid
composition should make the treated breast and thigh meat more
vulnerable to lipid oxidation, however TM larvae inclusion seems to
play a role in delaying it.

Poultry meat colour may be affected by several factors and can
be interpreted by consumers in different ways, according to their
preferences (Wideman et al., 2016). Colour results of this experi-
ment indicate that L*, a* and b* values were elevated, particularly
in the TM10 group; this could be due to a change of the pH of the
meat, as mentioned by Pieterse et al. (2013). Increased lightness
(L*) can also be linked with the oxidation of myoglobin to met-
myoglobin, displaying pale coloration in poultry meat (De Avila
Souza et al., 2022); however, since TBARS values were found to
be mostly lower in the treated groups, increased L* values are not
expected to be associated with oxidative reactions. Even so, L*
values of samples were within the optimal lightness range, that is
between 49 and 50 (Garcia et al., 2010) for both types of meat and
both treatments. Additionally, the a* to b* ratio was found to be
higher in both types of meat for both treatments. This indicates
higher a* values (redness) compared to the paler control samples.
These results do not agree with a 1% TM diet replacement in slough
form by Kim et al. (2014), but are in accordance with broiler trials
with a higher feed replacement % by H. illucens (HI) larvae
(Schiavone et al., 2019). Panel tests for colour, texture and flavour of
themeat produced from broilers fed with partly replaced diets with
TM larvae would be an important addition to future work.

Several studies have shown the significant potential of TM
larvae in partially replacing current protein sources in animal feeds.
Their high nutritional value, especially for monogastric animals,
and the low strain on the environment for breeding them has
piqued the poultry industry's interest in finding optimal inclusion
levels in animal diets. In this study, the partial replacement of a
basal diet with TM larvae had a positive impact on bird growth,
without affecting the welfare traits examined. In this regard, the
inclusion of whole TM larvae in standard diets for poultry could be
further implemented to alleviate cost shortcomings in insect-based
meals at industrial scale, where insect meals are still too expensive
to be utilised in large scale poultry production protocols. However,
several challenges still need to be addressed before TM can be used
as a partial replacement of current feeds in poultry, including
consumers' acceptance of meat products fed with insects in the
western world and product palatability, while satisfying the re-
quirements of the relevant legislation (EU Regulations 142/2011,
68/2013 and 2015/2283).

5. Conclusions

Our findings showed that dietary replacement of broiler diets
with whole TM larvae at 5% or 10% inclusion can positively influ-
ence broiler growth without negatively affecting the welfare traits
of the birds or the quality characteristics of the produced meat. The

evaluation of whole TM larvae under the light of either feed addi-
tive (inclusion up to 5%) or feed raw material (inclusion 10%) war-
rants further research exploration.
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et al. Effects of replacing soybean oil with selected insect fats on broilers.
Anim Feed Sci Technol 2018;240:170e83. https://doi.org/10.1016/j.anifeedsci.
2018.04.002.

Kim SG, Kim JE, Oh HK, Kang SJ, Koo HY, Kim HJ, et al. Feed supplementation of
yellow mealworms (Tenebrio molitor L.) improves blood characteristics and
meat quality in broiler. J Agric Sci Technol 2014;49:9e18.

L€ahteenm€aki-Uutela A, Grmelov�a N, H�enault-Ethier L, Deschamps M-H,
Vandenberg GW, Zhao A, et al. Laws of the European union, United States,
Canada, Mexico, Australia, and China. European food and feed review. J Insects
Food Feed 2017;12:22e36.

L€ahteenm€aki-Uutela A, Marimuthu SB, Meijer N. Regulations on insects as food and
feed: a global comparison. J Insects Food Feed 2021;7:849e56. https://doi.org/
10.3920/JIFF2020.0066.

Loponte R, Nizza S, Bovera F, De Riu N, Fliegerova K, Lombardi P, et al. Growth
performance, blood profiles and carcass traits of Barbary partridge (Alectoris
barbara) fed two different insect larvae meals (Tenebrio molitor and Hermetia
illucens). Res Vet Sci 2017;115:183e8. https://doi.org/10.1016/j.rvsc.2017.04.
017.

Mancinelli AC, Silletti E, Mattioli S, Dal Bosco A, Sebastiani B, Menchetti L, et al. Fatty
acid profile, oxidative status, and content of volatile organic compounds in raw
and cooked meat of different chicken strains. Poult Sci 2021;100(2):1273e82.
https://doi.org/10.1016/j.psj.2020.10.030.

Martins CF, Ribeiro DM, Costa M, Coelho D, Alfaia CM, Lordelo M, et al. Using
microalgae as a sustainable feed resource to enhance quality and nutritional
value of pork and poultry meat. Foods 2021;10:2933. https://doi.org/10.3390/
foods10122933.

Maurer V, Holinger M, Amsler Z, Früh B, Wohlfahrt J, Stamer A, et al. Replacement of
soybean cake by Hermetia illucens meal in diets for layers. J Insects Food Feed
2016;2:83e90. https://doi.org/10.3920/JIFF2015.0071.

Moula N, Detilleux J. A meta-analysis of the effects of insects in feed on poultry
growth performances. Animals 2019;9(5):201. https://doi.org/10.3390/
ani9050201.

Oddon SB, Biasato I, Imarisio A, Pipan M, Dekleva D, Colombino E, et al. Black soldier
fly and yellow mealworm live larvae for broiler chickens: effects on bird per-
formance and health status. J Anim Physiol Anim Nutr 2021;105(Suppl. 1):10e8.
https://doi.org/10.1111/jpn.13567.

OECD/FAO. OECD-FAO agricultural outlook 2021-2030. Paris: OECD Publishing;
2021. https://doi.org/10.1787/19428846-en.

Patsoukis N, Zervoudakis G, Panagopoulos NT, Georgiou CD, Angelatou F,
Matsokis NA. Thiol redox state (TRS) and oxidative stress in the mouse hip-
pocampus after pentylenetetrazol-induced epileptic seizure. Neurosci Lett
2004;357(2):83e6. https://doi.org/10.1016/j.neulet.2003.10.080.

Pereira PM d CC, Vicente AF d RB. Meat nutritional composition and nutritive role in
the human diet. Meat Sci 2013;93(3):586e92. https://doi.org/10.1016/
j.meatsci.2012.09.018.

Pieterse E, Pretorius Q, Hoffman L, Drew D. The carcass quality, meat quality and
sensory characteristics of broilers raised on diets containing either musca
domestica larvae meal, fish meal or soya bean meal as the main protein source.
Anim Prod Sci 2013;54:622e8. https://doi.org/10.1071/AN13073.

Pretorius Q. The evaluation of larvae of Musca domestica (common house fly) as
protein source for broiler production. South Africa: University of Stellenbosch;
2011 [Doctor Degree Thesis Dissertation].

Ramos-Elorduy J, Gonz�alez EA, Hern�andez AR, Pino JM. Use of Tenebrio molitor
(Coleoptera: Tenebrionidae) to recycle organic wastes and as feed for broiler
chickens. J Econ Entomol 2002;95:214e20. https://doi.org/10.1603/0022-0493-
95.1.214.

Ross 308. Nutrition specifications. Scotland (UK). Aviagen; 2019. https://en.aviagen.
com/assets/Tech_Center/Ross_Broiler/RossBroilerNutritionSpecs2019-EN.pdf.
[Accessed 11 April 2022]. accessed on.

Schiavone A, Dabbou S, Petracci M, Zampiga M, Sirri F, Biasato I, et al. Black soldier
fly defatted meal as a dietary protein source for broiler chickens: effects on
carcass traits, breast meat quality and safety. Animal 2019;13(10):2397e405.
https://doi.org/10.1017/S1751731119000685.

Shannon L, Waller L. A cursory look at the fishmeal/oil industry from an ecosystem
perspective. Front Ecol Evol 2021;9:645023. https://doi.org/10.3389/
fevo.2021.645023.

Singleton VL, Orthofer R, Lamuela-Ravent�os RM. [14] Analysis of total phenols and
other oxidation substrates and antioxidants by means of folin-ciocalteu reagent
Methods in enzymology, vol. 299. Elsevier; 1999. p. 152e78.

Sogari G, Amato M, Biasato I, Chiesa S, Gasco L. The Potential role of insects as feed:
a Multi-Perspective Review. Animals 2019;9(4):119. https://doi.org/10.3390/
ani9040119.

Song XP, Hansen MC, Potapov P, Adusei B, Pickering J, Adami M, et al. Massive soy-
bean expansion in South America since 2000 and implications for conservation.
Nat Sustain 2021;4:784e92. https://doi.org/10.1038/s41893-021-00729-z.

Soriano-Santos J. Chemical composition and nutritional content of raw poultry
meat. In: Handbook of poultry science and technology, vol. 1. Wiley Online
Books; 2010. p. 467e91. 9780470504451.

Sypniewski J, Kiero�nczyk B, Benzertiha A, Mikołajczak Z, Pruszy�nska-Oszmałek E,
Kołodziejski P, et al. Replacement of soybean oil by Hermetia illucens fat in
Turkey nutrition: effect on performance, digestibility, microbial community,
immune and physiological status and final product quality. Br Poult Sci
2020;61(3):294e302. https://doi.org/10.1080/00071668.2020.1716302.

Tahamtani FM, Ivarsson E, Wiklicky V, Lalander C, Wall H, Rodenburg TB, et al.
Feeding live Black Soldier Fly larvae (Hermetia illucens) to laying hens: effects
on feed consumption, hen health, hen behavior, and egg quality. Poult Sci
2021;100:101400. https://doi.org/10.1016/j.psj.2021.101400.

van Huis A, Oonincx DG. The environmental sustainability of insects as food and
feed. A review. Agron Sustain Dev 2017;37(5):43. https://doi.org/10.1007/
s13593-017-0452-8.

Wideman N, O'bryan C, Crandall P. Factors affecting poultry meat colour and con-
sumer preferences-A review. World’s Poult Sci J 2016;72(2):353e66. https://
doi.org/10.1017/S0043933916000015.

S. Vasilopoulos, I. Giannenas, S. Savvidou et al. Animal Nutrition 13 (2023) 90e100

100


	cover-outside
	cover-inside
	01-fm1
	02-80000468
	03-684
	Low rumen degradable starch promotes the growth performance of goats by increasing protein synthesis in skeletal muscle via ...
	1. Introduction
	2. Materials and methods
	2.1. Ethics statement
	2.2. Experimental design and diets
	2.3. Sample collection
	2.4. Measurement of the concentration of free amino acids (AA)
	2.5. RNA extraction and quantitative real-time PCR analysis
	2.6. Western blot analysis
	2.7. Statistical analysis

	3. Results
	3.1. Growth performance and carcass traits of goats
	3.2. Plasma biochemical indices in goats
	3.3. Gene expression of gluconeogenesis enzymes in the liver of goats
	3.4. MCP synthesis and crude protein in skeletal muscle of goats
	3.5. Free amino acid concentrations in the plasma and BF muscle of goats
	3.6. Gene expression of glucose and amino acid transporters in the jejunum and BF muscle of goats
	3.7. Protein expression of signaling pathways involved in BF muscle protein synthesis

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix. Supplementary data
	References


	04-695
	Dietary Litsea cubeba essential oil supplementation improves growth performance and intestinal health of weaned piglets
	1. Introduction
	2. Materials and methods
	2.1. Ethics statement and preparation of LEO
	2.2. Experimental design, animals and diets
	2.3. Preparation and sample collection
	2.4. Antioxidant capacity
	2.5. Immune responses
	2.6. Morphological measurements
	2.7. Microbial composition of the cecal digesta
	2.8. Short chain fatty acids
	2.9. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Antioxidant capacity
	3.3. Immune function and inflammatory cytokines
	3.4. Intestinal morphology
	3.5. Microbial composition in the cecum
	3.6. SCFA

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix. Supplementary data
	References


	05-680
	Total amino acid level affects the results of standardized ileal digestibility assays for feed ingredients for swine
	1. Introduction
	2. Materials and methods
	3. Results
	4. Discussion
	4.1. Demonstration that SID = f(AA concentration)
	4.2. Potential reasons for SID = f(AA concentration)
	4.2.1. Kinetics of digestion and absorption
	4.2.2. Overestimation of endogenous losses
	4.2.3. Statistical misinterpretation of raw data
	4.2.4. Misinterpretation of raw data

	4.3. Experimental design and purpose
	4.4. Further research

	5. Conclusions
	Author contributions
	Declaration of competing interest
	References


	06-707
	A systematic review of metabolism of methionine sources in animals: One parameter does not convey a comprehensive story
	1. Introduction
	2. Materials and methods
	3. Chemical structure of methionine sources
	4. Conversion of Met precursors into L-Met
	4.1. Different steps of conversion: location of the enzymes
	4.1.1. Oxidation of D-Met through D-α-amino acid oxidase (D-AAOX)
	4.1.2. Oxidation of L-HMTBa using L-α-hydroxy acid oxidase (L-HAOX)
	4.1.3. Dehydrogenation of D-α-hydroxy acid dehydrogenase (D-HADH)
	4.1.4. Transamination

	4.2. Where does the conversion occur?
	4.2.1. Liver
	4.2.2. Kidney
	4.2.3. Intestine
	4.2.4. Organs other than liver, kidney, and intestine

	4.3. Conversion efficiency: methodologies and affecting factors
	4.3.1. Urinary, fecal, and respiratory excretion
	4.3.2. Plasma concentration of L-Met and precursors
	4.3.3. Tissue incorporation

	4.4. Factors affecting conversion efficiency
	4.4.1. Can enzymes be rate limiting for the conversion of methionine precursors?
	4.4.2. Other factors


	5. Is there any alternative pathway(s) for the conversion of methionine precursors?
	6. The use of radioisotopes for studying the metabolism of methionine precursors: what are the limitations and impacts on the  ...
	7. Differences in methionine metabolism between different methionine precursors
	8. Nutritional implications
	9. Conclusions
	Author contributions
	Declaration of competing interest
	Appendix supplementary data
	References


	07-697
	Dietary ribose supplementation improves flesh quality through purine metabolism in gibel carp (Carassius auratus gibelio)
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental diets
	2.3. Fish and feeding trial
	2.4. Sample collection
	2.5. Biochemical assays
	2.6. Real-time quantitative polymerase chain reaction (qPCR) analysis
	2.7. Histological analysis
	2.8. Determination of nucleotide and purine metabolite concentrations
	2.9. Texture analysis
	2.10. LC–MS/MS metabolite profiling analysis
	2.11. Statistical analysis

	3. Results
	3.1. Effect of RI supplementation on growth performance and the whole-body, flesh chemical composition and liver health of gibel ...
	3.2. Effect of RI supplementation on muscular collagen metabolism, glycogen metabolism and textural properties of gibel carp
	3.3. Effect of RI supplementation on the taste of flesh in gibel carp
	3.4. Effects of 0.30RI supplementation on the metabolomic features in the muscle of gibel carp
	3.5. Effects of 0.30RI supplementation on the metabolomic features of gibel carp liver
	3.6. Supplementation and validation of the metabolic effects of different concentrations of RI supplementation on metabolites an ...

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix. Supplementary data
	References


	08-685
	Red osier dogwood and its use in animal nutrition: A review
	1. Introduction
	2. Red osier dogwood
	2.1. Ecology and hardiness of red osier dogwood
	2.2. Phenolic and nutrient profiles of ROD
	2.3. Seasonal variation of phenolic component of ROD
	2.4. Antioxidant capacity of ROD

	3. Potentials of ROD in animal production
	3.1. Effects of ROD on the growth performance and gut morphology of animal
	3.1.1. Swine and poultry
	3.1.2. Ruminants

	3.2. Effects of ROD on oxidative and immune-related stress in animal
	3.2.1. Swine and poultry
	3.2.2. Ruminants

	3.3. Effect of ROD on gut and rumen microbiota
	3.3.1. Swine and poultry
	3.3.2. Ruminants

	3.4. Potential of ROD on chicken meat quality

	4. Improving the efficiency of ROD for animal
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


	09-713
	Exopolysaccharides from lactic acid bacteria, as an alternative to antibiotics, on regulation of intestinal health and the  ...
	1. Introduction
	2. Structure and classification of LAB-EPS
	3. Biosynthetic pathways of LAB-EPS
	4. Regulation of intestinal health by LAB-EPS
	4.1. Adhesion to intestinal epithelial cells
	4.2. Regulation of intestinal microbiota
	4.3. Restoration of intestinal barrier

	5. Regulation of the immune response by LAB-EPS
	6. Anti-biofilm property of LAB-EPS
	7. General discussion
	8. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


	10-690
	Growth performance, welfare traits and meat characteristics of broilers fed diets partly replaced with whole Tenebrio molit ...
	1. Introduction
	2. Materials and methods
	2.1. Ethics and procedures
	2.2. Animals, diet composition and experimental design
	2.3. Determination of total phenolic content (TPC)
	2.4. Performance parameters
	2.5. Welfare status
	2.6. Carcass characteristics, breast and thigh meat composition
	2.7. Meat lipid and protein oxidation
	2.8. Determination of meat fatty acids
	2.9. Meat colour evaluation
	2.10. Statistical analysis

	3. Results
	3.1. Total phenolic content
	3.2. Performance parameters
	3.3. Welfare status
	3.4. Breast and thigh meat composition and oxidative status
	3.5. Fatty acid composition
	3.6. Meat colour evaluation

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	11-696
	Dietary xanthophyll improved growth, antioxidant, pigmentation and meat quality in the southern catfish (Silurus soldatovi  ...
	1. Introduction
	2. Materials and methods
	2.1. Ethics statement
	2.2. Experimental diets
	2.3. Experiment and sample collection
	2.4. Sample collection
	2.5. Proximate composition of whole fish and muscle
	2.6. Biochemical analysis of plasma
	2.7. ROS and apoptosis rate of blood cells
	2.8. Immunoproteins and antioxidant enzymes in plasma
	2.9. RT-PCR for immune factor genes
	2.10. Total concentration of carotenoids and xanthophyll in tissues
	2.11. Muscle pH and water-holding capacity (WHC)
	2.12. Muscle texture
	2.13. Muscle hydroxyproline (Hyp) and collagen content
	2.14. Muscle amino acid composition
	2.15. Heat stress test
	2.16. Statistical analysis

	3. Results
	3.1. Growth performance and body proximate composition
	3.2. Plasma biochemistry
	3.3. ROS production and apoptosis rate in blood cells
	3.4. Antioxidative parameters
	3.5. Mortality and plasma biochemical changes after heat stress test
	3.6. Plasma complement, immunoglobulin contents and lysozyme activity
	3.7. Inflammation-related gene expression
	3.8. Carotenoid concentration in tissues
	3.9. The nutrient content in muscle
	3.10. Muscle pH, water-holding capacity (WHC) and texture

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgement
	Appendix. Supplementary data
	References


	12-704
	Responses in splanchnic and mammary amino acid metabolism to short-term graded removal of methionine in lactating goats
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and diet
	2.3. Experimental design and abomasal procedure
	2.4. Sampling and analysis
	2.5. Calculations and statistical procedures

	3. Results
	3.1. Milk production and composition
	3.2. Arterial and venous free AA
	3.3. Arterial metabolites, hormones, and splanchnic blood flow
	3.4. Net fluxes of individual AA across tissues
	3.5. PDV, Liver and mammary clearance rates of EAA
	3.6. U:O of AA

	4. Discussion
	4.1. Milk protein production
	4.2. Blood flow
	4.3. Splanchnic and mammary net fluxes of AA
	4.4. Postruminal Met supply and mammary Met uptake

	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


	13-700
	Sodium acetate promotes fat synthesis by suppressing TATA element modulatory factor 1 in bovine mammary epithelial cells
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Cell culture and treatment
	2.3. Western blotting (WB)
	2.4. Triglyceride secretion
	2.5. Immunofluorescence (IF)
	2.6. Plasmid construction and cell transfection
	2.7. Small interfering RNA (siRNA) transfection
	2.8. Nuclear and cytoplasmic protein extraction
	2.9. Co-immunoprecipitation
	2.10. Statistical analysis

	3. Results
	3.1. Sodium acetate promotes fat synthesis and the SREBP1 pathway
	3.2. SA promotes fat synthesis through the SREBP1 pathway
	3.3. TMF1 is an important inhibitor of SA mediated activation of the SREBP1 pathway
	3.4. TMF1 negatively regulates SA activated fat synthesis
	3.5. TMF1 negatively regulates fat synthesis through the SREBP1 pathway
	3.6. TMF1 directly interacts with SREPB1
	3.7. TMF1 suppresses the nuclear localization of SREBP1
	3.8. Sodium acetate inhibits the expression of TMF1 and the interaction between TMF1 and SREBP1

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	14-702
	Characterization of a novel bifunctional enzyme from buffalo rumen metagenome and its effect on in vitro ruminal fermentati ...
	1. Introduction
	2. Material and methods
	2.1. Animal ethics statement
	2.2. Materials
	2.3. Bioinformatic analyses of CelXyn2
	2.4. Expression and purification of recombinant proteins
	2.5. Enzymatic characterization of CelXyn2
	2.6. The hydrolysis of agricultural residues and in vitro ruminal fermentation

	3. Results and discussion
	3.1. Bioinformatic analyses of CelXyn2
	3.2. Effect of pH and temperature on enzyme activity
	3.3. Effect of metal ions and chemicals on enzyme activity
	3.4. Effect of salt and artificial seawater on enzyme activity
	3.5. Substrate specificity and kinetic parameters
	3.6. Enzymatic hydrolysis of lignocellulosic biomass
	3.7. In vitro ruminal fermentation
	3.8. In vitro ruminal microbial community

	4. Conclusions
	Author contributions
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	15-703
	Embryonic modulation through thermal manipulation and in ovo feeding to develop heat tolerance in chickens
	1. Introduction
	2. Detrimental impact of high ambient temperature on chickens
	3. Embryonic manipulation to afford thermotolerance
	3.1. Thermal manipulation
	3.1.1. Effect on hatchability
	3.1.2. Effects on chick quality
	3.1.3. Modulation of rectal temperature
	3.1.4. Effects on gut functions
	3.1.5. Effects of heat-stress markers

	3.2. In ovo feeding
	3.2.1. Nutrient supplementation
	3.2.2. Bioactive substances

	3.3. Temperature manipulation and in ovo feeding

	4. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	16-705
	A comparative study on the tolerance of tilapia (Oreochromis niloticus) to high carbohydrate and high lipid diets
	1. Introduction
	2. Materials and methods
	2.1. Animals ethics statement
	2.2. Diets, animals and experimental design
	2.3. Growth performance
	2.4. Sampling and measurements of biochemical parameters
	2.5. Glucose tolerance test
	2.6. Quantitative real time PCR
	2.7. Transcriptomic analysis
	2.8. Histological study
	2.9. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Whole body composition
	3.3. Tissue glycogen and lipid content
	3.4. Serum biochemistry indices
	3.5. Glucose tolerance test results
	3.6. Molecular changes in brain and liver during the phase 2
	3.7. Global regulatory effects of a high carbohydrate or high lipid diet on tilapia in a hepatic transcriptomic study

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	17-701
	Nano-chromium picolinate and heat stress enhance insulin sensitivity in cross-bred sheep
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animal and experimental treatments
	2.3. Intravenous glucose and insulin tolerance tests and adrenocorticotropin hormone challenge
	2.4. White blood cell and tissue biopsies
	2.5. Tissue gene expression analysis
	2.6. Statistical analysis

	3. Results
	3.1. Basal plasma metabolite and hormone concentrations
	3.2. Intravenous glucose tolerance test
	3.3. Insulin tolerance test
	3.4. ACTH challenge
	3.5. Gene expression

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix supplementary data
	References


	18-698
	DHA induces adipocyte lipolysis through endoplasmic reticulum stress and the cAMP/PKA signaling pathway in grass carp (Cten ...
	1. Introduction
	2. Materials and methods
	2.1. Ethics statement
	2.2. Reagents
	2.3. Experimental design
	2.3.1. Experiment 1: the effects of DHA on adipocyte lipolysis and ER stress in vivo
	2.3.2. Experiment 2: the effects of DHA on adipocyte lipolysis and ER stress in vitro
	2.3.3. Experiment 3: the role and mechanism of ER stress in DHA-induced lipolysis in vitro
	2.3.4. Experiment 4: the potential role of the cAMP/PKA signaling pathway in DHA-induced lipolysis

	2.4. Sample analysis
	2.4.1. Fatty acid composition in adipose tissue
	2.4.2. Crude lipid content in the whole fish body
	2.4.3. TG, TC and GL content assays on adipose tissue and serum
	2.4.4. Histological and morphological analysis of adipose tissue
	2.4.5. Nile red and DAPI staining
	2.4.6. Ultrastructural observation
	2.4.7. Immunohistochemical and Western blot analysis
	2.4.8. cAMP and PKA levels
	2.4.9. Quantitative real-time PCR (qPCR)

	2.5. Statistical analysis

	3. Results
	3.1. DHA activated lipolysis and induced ER stress in adipocytes in vivo
	3.2. DHA promoted lipolysis and induced ER stress in vitro
	3.3. ER stress participates in DHA-induced lipolysis in adipocytes
	3.4. The activation of the cAMP/PKA signaling pathway participates in DHA-induced adipocyte lipolysis in vitro

	4. Discussion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix supplementary data
	References


	19-699
	Dietary host-associated Bacillus subtilis supplementation improves intestinal microbiota, health and disease resistance in  ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics
	2.2. B. subtilis preparation
	2.3. Experimental diet production
	2.4. Fish maintenance
	2.5. Sample collection
	2.6. Sample analysis
	2.7. Challenge test
	2.8. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Serum biochemical indices
	3.3. Oxidative stress and digestive enzyme activity analysis
	3.4. Liver and intestinal morphology
	3.5. Microbial diversity analysis
	3.6. Challenge test

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Data availability statement
	Appendix supplementary data
	References


	20-710
	Applications and prospects of functional oligosaccharides in pig nutrition: A review
	1. Introduction
	2. Types and sources of functional oligosaccharides
	2.1. Fructo-oligosaccharides
	2.2. Mannan oligosaccharides
	2.3. Xylo-oligosaccharides
	2.4. Chitosan oligosaccharides

	3. The application of functional oligosaccharides in pig breeding
	3.1. Growth performance
	3.2. Immune function
	3.3. Antioxidant effect
	3.4. Intestinal health

	4. Influencing factors
	4.1. Animal feeding environment
	4.2. Physiological stage
	4.3. Types and dosage of functional oligosaccharides
	4.4. Inherent levels of oligosaccharides in diets

	5. Application prospects
	5.1. Application of functional oligosaccharides in weaned piglets
	5.2. Application of functional oligosaccharides in sows

	6. Conclusion
	Author contribution
	Declaration of competing interest
	Acknowledgements
	References


	21-711
	Negative consequences of reduced protein diets supplemented with synthetic amino acids for performance, intestinal barrier  ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Study design and dietary treatments
	2.3. Fluorescein isothiocyanate-dextran assay and sampling
	2.4. Gene expression assays
	2.5. Caecal sample processing and DNA extraction
	2.6. 16S rRNA gene amplification and analysis
	2.7. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Growth performance of the challenge experiment
	3.3. Concentration of FITC-d in serum
	3.4. Gene expression assays
	3.5. Caecal microbiota composition

	4. Discussion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	22-716
	Effects of different protein and lipid levels on the growth performance and intestinal microflora of loach (Paramisgurnus d ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics
	2.2. Experimental design and diets
	2.3. Experimental fish and feeding trial
	2.4. Sample collection
	2.5. Performance measurement
	2.6. DNA extraction, PCR amplification, and illumina sequencing
	2.7. Bio-informational analysis
	2.8. Data analysis

	3. Results
	3.1. Performance
	3.2. 16S rDNA gene sequencing and alpha diversity
	3.3. Composition of intestinal microflora in P. dabryanus
	3.4. Beta diversity of intestinal flora in P. dabryanus
	3.5. Difference in microflora composition in P. dabryanus
	3.6. Functional prediction

	4. Discussion
	4.1. Effect of protein and lipid levels on growth performance
	4.2. Effect of protein and lipid levels on α and β diversity of intestinal microflora
	4.3. Effect of protein and lipid levels on community of intestinal microflora
	4.4. Effect of protein and lipid levels on potential function of intestinal flora

	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	23-725
	Poultry gut health and beyond
	1. Introduction
	2. The physiology of gut health
	3. The immunology of gut health
	4. Intestinal health and the microbiome
	4.1. Establishment of the caecal microbiome
	4.2. Microbial metabolites as gut health modulating signals
	4.3. Dysbiosis, a shift in the microbiota towards production of proinflammatory signals

	5. Intestinal inflammation and gut leakage
	5.1. Proinflammatory signals
	5.2. Anti-inflammatory signals
	5.3. The intestinal inflammatory phenotype

	6. Steering the microbiome for improved gut health
	7. Beyond the gut
	8. Conclusions and perspectives
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


	24-706
	Proteomic and phosphoproteomic analysis reveal threonine deficiency increases hepatic lipid deposition in Pekin ducks via r ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and experimental design
	2.3. Sample collection and preparation
	2.4. Plasma parameters
	2.5. Hepatic triglycerides
	2.6. RNA isolation and qPCR
	2.7. Analysis of proteomics and phosphoproteomic in liver
	2.8. Statistical analysis

	3. Results
	3.1. Growth performance
	3.2. Serum parameters and hepatic lipid
	3.3. Hepatic gene expression
	3.4. Proteomic and phosphoproteomic analysis
	3.5. Conserved sequence motif
	3.6. KEGG analysis

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix. Supplementary data
	References


	25-714
	A comparative study to determine the effects of breed and feed restriction on glucose metabolism of chickens
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and management
	2.3. Data collection and sampling
	2.4. Histological analysis of pancreas
	2.5. Serum biochemical parameters
	2.6. Gene expression assays
	2.7. Statistical analysis

	3. Results
	3.1. Effect of breed on performance and the relative organ weights
	3.2. Impact of breed on serum biochemistry
	3.3. Differences between silky chickens and AA broilers regarding glucose metabolism
	3.4. Alteration in islet numbers of silky chickens and AA broilers
	3.5. Glucose regulatory gene expression in silky chickens and AA broilers
	3.6. Performance and the relative organ weights in response to restricted feeding in AA broilers
	3.7. Serum biochemistry response to restricted feeding in AA broilers
	3.8. Effect of restricted feeding on glucose metabolism in AA broilers
	3.9. Glucose regulatory gene expression response to restricted feeding in AA broilers

	4. Discussion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	26-715
	Low Ca diet leads to increased Ca retention by changing the gut flora and ileal pH value in laying hens
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design and animals
	2.3. Sample collection
	2.4. Egg and bone parameter analysis
	2.5. Analysis of the contents of Ca, P and Mg in eggshell, bone and excrement and intestinal Ca absorption
	2.6. Blood parameter analysis
	2.7. Intestinal histomorphology and pH measurement of intestinal contents
	2.8. Microbial diversity analysis
	2.9. Transcriptome sequencing
	2.10. Statistical analysis

	3. Results
	3.1. Eggshell and bone quality
	3.2. Ca absorption
	3.3. Blood bone turnover indicators and pro-inflammatory factors
	3.4. Intestinal morphological changes and pH values of intestinal content
	3.5. Gut bacterial composition
	3.6. Ileal gene expression

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix. supplementary data
	References


	27-712
	Dietary adenosine supplementation improves placental angiogenesis in IUGR piglets by up-regulating adenosine A2a receptor
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and experimental design
	2.3. Data collection and sampling
	2.4. Placental vascular density
	2.5. Quantitative real-time RT-PCR analysis
	2.6. Western blotting
	2.7. Immunofluorescence
	2.8. Statistical analysis

	3. Results
	3.1. Characteristics of piglets
	3.2. Placental vessel density
	3.3. mRNA abundance of placental angiogenesis
	3.4. Expression of adenosine receptors in placenta
	3.5. Protein levels of placental angiogenesis and adenosine receptors

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix supplementary data
	References


	28-709
	Active dry yeast supplementation benefits ruminal fermentation, bacterial community, blood immunoglobulins, and growth perf ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design and animal management
	2.3. Sample collection and analysis
	2.3.1. Feed intake and growth performance
	2.3.2. Blood sample collection and analysis
	2.3.3. Rumen sample collection and analysis
	2.3.4. Microbial DNA extraction, PCR amplification, sequencing, and analysis

	2.4. Statistical analysis

	3. Results
	3.1. Feed intake and growth performance
	3.2. Rumen fermentation parameters and cellulolytic enzyme activity
	3.3. Ruminal microorganisms
	3.4. Blood metabolites and immunoglobulin concentrations
	3.5. Long-term effect of ADY on growth performance

	4. Discussion
	5. Conclusions
	Author contributions
	Availability of data and materials
	Declaration of competing interest
	Acknowledgments
	References


	29-720
	Effects of paraprobiotics on bile acid metabolism and liver health in largemouth bass (Micropterus salmoides) fed a cottons ...
	1. Introduction
	2. Material and methods
	2.1. Animal ethics statement
	2.2. Diets
	2.3. Fish, system and set-up
	2.4. Sampling procedures
	2.5. Measurement and analytical methods
	2.5.1. Biochemical analysis
	2.5.2. Plasma and liver biochemical assays
	2.5.3. Histological examination
	2.5.4. The real-time quantitative PCR analysis
	2.5.5. Bile acid profile analysis
	2.5.6. Intestinal microbiome analysis

	2.6. Calculations
	2.7. Statistical analysis

	3. Result
	3.1. Growth, body indices and whole-body composition
	3.2. Histopathological and hematological liver functions
	3.3. Lipid metabolism
	3.4. Bile acid metabolism
	3.5. Bile acid profile
	3.6. Gut microbiota analysis

	4. Discussion
	4.1. CPC affects the growth and lipid metabolism in largemouth bass
	4.2. MsYF mitigate the hepatic lipid accumulation and alter bile acid metabolism

	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix. supplementary data
	References


	30-722
	Influence of free fatty acid content and degree of fat saturation on production performance, nutrient digestibility, and in ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental fats
	2.3. Animals and diets
	2.4. Sampling and measurements
	2.5. Chemical analysis
	2.6. Calculations
	2.7. Statistical analysis

	3. Results
	3.1. Characterization of the experimental fats and diets
	3.2. Production performance
	3.3. AME and nutrient digestibility
	3.4. Fatty acid digestibility and lipid class content in excreta
	3.5. Gastrointestinal traits and jejunal morphology

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	31-717
	Sources, dynamics in vivo, and application of astaxanthin and lutein in laying hens: A review
	1. Introduction
	2. Sources of astaxanthin and lutein
	2.1. Source of astaxanthin
	2.2. Source of lutein

	3. Dynamics in vivo of astaxanthin and lutein
	3.1. The dynamics of astaxanthin in the body
	3.2. The dynamics of lutein in the body

	4. Application of astaxanthin in laying hens
	4.1. Astaxanthin and yolk indices
	4.2. Astaxanthin and other egg indices
	4.3. Astaxanthin and egg production
	4.4. Astaxanthin and antioxidation
	4.5. Astaxanthin and immunity
	4.6. Astaxanthin and metabolism
	4.7. Astaxanthin and fertility
	4.8. Astaxanthin and gut microbiota

	5. Application of lutein in laying hens
	5.1. Lutein and egg quality
	5.2. Lutein and egg production
	5.3. Lutein and antioxidation
	5.4. Lutein and immune system
	5.5. Lutein and metabolic parameters
	5.6. Lutein and fertility
	5.7. Lutein and gut microbiota

	6. Conclusions and outlook
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	32-718
	Alterations in nutrient digestion and utilization associated with different residual feed intake in Hu sheep
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and management
	2.3. Sample collection and measurements
	2.4. RFI calculation
	2.5. Statistical analysis

	3. Results and discussion
	3.1. RFI distribution and power analysis
	3.2. Growth performance and FE
	3.3. Apparent digestibility
	3.4. Serum biochemical indicators
	3.5. Ruminal fermentation parameters
	3.6. Partitioning of nitrogen

	4. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	References


	33-726
	Research progress on anti-stress nutrition strategies in swine
	1. Introduction
	1.1. Stress induction models in pigs
	1.2. Signaling pathways and gene expression during stress
	1.3. Stress and intestinal barrier function

	2. Nutritional strategies during stress
	2.1. Functional amino acids
	2.2. Low protein diet
	2.3. Plant extracts
	2.4. Organic acids
	2.4.1. Short chain fatty acids
	2.4.2. Medium chain fatty acids
	2.4.3. Lactic acid
	2.4.4. Alpha-Ketoglutarate
	2.4.5. Chlorogenic acid
	2.4.6. Benzoic acid

	2.5. Prebiotics
	2.5.1. Fructo-oligosaccharides
	2.5.2. Chito-oligosaccharides
	2.5.3. Mannan-oligosaccharides
	2.5.4. Non-starch polysaccharides
	2.5.5. Gamma-aminobutyric acid
	2.5.6. Microalgae and seaweeds

	2.6. Probiotics
	2.7. Minerals and vitamins

	3. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	34-723
	Feeding Bacillus-based probiotics to gestating and lactating sows is an efficient method for improving immunity, gut functi ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and management
	2.3. Sample collection and laboratory analyses
	2.3.1. Colostrum and blood sampling and IgA, IgM, and IgG analyses
	2.3.2. Ileal tissue sampling for IgA, IgM and IgG and histological analyses
	2.3.3. Ileal tissue sampling for fluorescence in situ hybridization (Histo-FISH)

	2.4. Statistical analysis

	3. Results
	3.1. Animal performance
	3.2. Concentrations of immunoglobulins in the colostrum, blood, and ileal tissue
	3.3. Ileum structure in piglets at weaning
	3.4. Visualization of the bacterial spatial organization in the gut

	4. Discussion
	4.1. Animal performance
	4.2. Concentrations of immunoglobulins in colostrum, blood plasma and ileal mucosa scrapings
	4.3. Structure and immune barriers in the piglet ileum
	4.4. Morphology of the ileum versus piglet performance

	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix Supplementary data
	References


	35-721
	Lipo-nutritional quality of pork: The lipid composition, regulation, and molecular mechanisms of fatty acid deposition
	1. Introduction
	2. The lipid composition in pork
	3. The regulatory mechanisms of fatty acid deposition
	3.1. Synthesis of TAG
	3.2. Transmembrane transport of fatty acids
	3.3. Extension and desaturation of fatty acids

	4. The regulatory role of different factors in regulating fatty acid composition
	4.1. Breed difference
	4.2. Gene editing
	4.3. Environmental factors
	4.4. Sex and age
	4.5. Non-coding RNA
	4.6. Gut microbiota
	4.7. Nutritional factors
	4.7.1. Fatty acids
	4.7.1.1. The ratio of n-6/n-3 PUFA
	4.7.1.2. Conjugated linoleic acid (CLA)
	4.7.1.3. Oleic acid

	4.7.2. Plant extracts
	4.7.2.1. Linseed
	4.7.2.2. Perilla seeds
	4.7.2.3. Microalga
	4.7.2.4. Chinese herbal medicine
	4.7.2.5. Apple polyphenols (APP)
	4.7.2.6. Betaine

	4.7.3. Amino acids
	4.7.4. Carbohydrates
	4.7.5. Other nutrients
	4.7.5.1. Vitamin E
	4.7.5.2. Fermented feed



	5. Conclusion and perspectives
	Author contributions
	Declaration of competing interest
	Acknowledgement
	References


	36-727
	Feeding citrus flavonoid extracts decreases bacterial endotoxin and systemic inflammation and improves immunometabolic stat ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Citrus flavonoid extract preparation, animals, and treatments
	2.3. Feed intake, milk production and composition
	2.4. Serum immune parameters
	2.5. Feces sampling and fecal volatile fatty acids analysis
	2.6. Quantitative real-time PCR amplification
	2.7. Fecal bacterial 16S rRNA sequencing and bioinformatics analysis
	2.8. Fecal metabolite extraction, LC-MS/MS analysis, and data processing
	2.9. Statistical analyses

	3. Results
	3.1. Feed intake, milk yield and composition
	3.2. Serum immune parameters
	3.3. Fecal volatile fatty acids
	3.4. Fecal microbial flora
	3.5. Diversity and divergence of fecal bacterial community
	3.6. Fecal metabolites

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix Supplementary data
	References


	37-728
	Plasma metabolic profiling reveals that chromium yeast alleviates the negative effects of heat stress in mid-lactation dair ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals, diets and experimental design
	2.3. Sampling and analysis
	2.4. Metabolomic analysis
	2.5. Quality control
	2.6. Data processing
	2.7. Identification of significantly different metabolites and pathway analyses
	2.8. Quantification of a significantly different metabolite by LC-MS/MS
	2.9. Statistical analysis

	3. Results
	3.1. Thermoregulatory responses and lactation performance
	3.2. Serum biochemical parameters and hormone concentrations
	3.3. Plasma metabolomes
	3.4. Plasma NAM concentration

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	38-724
	Uterine inflammation status modulates eggshell mineralization via calcium transport and matrix protein synthesis in laying hens
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Experimental design
	2.3. Sample collection
	2.4. Eggshell physical and mechanical properties
	2.5. Chemical components in eggshell, serum and uterus
	2.6. Eggshell ultrastructure
	2.7. Uterine histomorphology
	2.8. RNA isolation and real-time quantitative PCR
	2.9. Statistical analysis

	3. Results
	3.1. Eggshell quality deteriorated following LPS challenge
	3.2. LPS challenge altered eggshell ultrastructure and chemical components of eggshell, serum and uterus
	3.3. LPS challenge induced uterine damage and inflammation
	3.4. LPS challenge modulated ionic transport and matrix protein synthesis in uterus
	3.5. Dietary EO addition regulated laying performance and egg quality in aged hens
	3.6. Dietary EO addition modified chemical composition and physical properties of eggshell
	3.7. Dietary EO addition improved eggshell mechanical properties
	3.8. Dietary EO addition modulated ultrastructure characteristics of eggshell
	3.9. Dietary EO addition improved uterine morphology and alleviated uterine inflammation
	3.10. Dietary EO addition modulated ionic transport and matrix protein synthesis in the uterus

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


	39-738
	Dietary lysophospholipids improves growth performance and hepatic lipid metabolism of largemouth bass (Micropterus salmoides)
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Diets and experimental design
	2.3. Fish and feeding trial
	2.4. Sample collection and analysis
	2.4.1. Growth performance
	2.4.2. Body composition determination
	2.4.3. Measurement of serum biochemical indicators
	2.4.4. Liver and intestinal slices
	2.4.5. Analysis of activities of digestion enzymes and glycolipid metabolizing enzyme
	2.4.6. Determination of expression of genes related to hepatic lipid metabolism

	2.5. Calculations and statistical methods

	3. Results
	3.1. Growth and feed utilization
	3.2. Nutritional analysis of whole fish, muscle and liver
	3.3. Serum biochemical indices
	3.4. Activities of digestive enzymes in liver and intestine
	3.5. Histological sections of the liver and intestine
	3.6. Hepatic metabolic enzyme activity
	3.6.1. Activity of enzymes related to hepatic glucose metabolism
	3.6.2. Activity of enzymes related to hepatic lipid metabolism

	3.7. Hepatic lipid metabolism genes expression

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


	40-750
	Corrigendum to “Point-of-care testing for lysine concentration in swine serum via blue-emissive carbon dots entrapped micro ...

	41-bm1
	42-bm15

