Journal of Animal and Feed Sciences, 33, 2, 2024, 217-225, https://doi.org/10.22358/jafs/178216/2024
The Kielanowski Institute of Animal Physiology and Nutrition, Polish Academy of Sciences, Jabfonna

Insects as a natural component of pheasant diets:
effects of full-fat Hermetia illucens meal on egg production
and quality, hatchability, and selected physicochemical egg indices

M. Flis', D. Jozefiak?, A. Bielak®, K. Kasperek®, B. Kieronczyk**and E.R. Grela®

" University of Life Sciences in Lublin, Department of Animal Ethology and Wildlife Management,

Akademicka 13, 20-950 Lublin, Poland

2Poznan University of Life Sciences, Department of Animal Nutrition, 60-637 Poznan, Wotyrska 33, 60-637 Poznan, Poland
® University of Life Sciences in Lublin, Institute of Animal Nutrition and Bromatology, Akademicka 13, 20-950 Lublin, Poland
*+ University of Life Sciences in Lublin, Institute of Biological Bases of Animal Production, Akademicka 13, 20-950 Lublin, Poland

KEY WORDS: black soldier fly, egg
parameters, Hermetia illucens, insect meal,
laying pheasant, survivability

Received: 27 November 2023
Revised: 30 December 2023
Accepted: 3 January 2024

* Corresponding author:
e-mail: bartosz.kieronczyk@up.poznan.pl

Introduction

ABSTRACT. The present study aimed to evaluate the effect of supplementing
Hermetia illucens larval meal in pheasant diets on selected hatchability
parameters and physicochemical properties of eggs. A total of 72 pheasants
(63 females and 9 males) were randomly allocated to three groups: BSFLO,
a basal diet without H. illucens, and BSFL10 and BSFL20 diets, with 100 and
200 g/kg H. illucens larval meal, respectively. The evaluation of selected egg
production indices was based on 1200 properly developed eggs. The BSFL20
group exhibited the highest number of eggs and a reduced percentage of
culled eggs compared to the control treatment. The lowest albumen height
was determined in BSFLO, and the highest in BSFL20. In addition, the highest
Haugh index values were also recorded for the BSFL20 group. Tendencies
towards improved survival of chicks were observed up to day 7 and day 14
after hatching, connecting with the incrementing BSFL dose. Egg yolk dry matter
and crude protein levels were increased in the BSFL20 group, accompanied
by tendencies towards elevated crude ash and reduced cholesterol levels.
A significant increase in C12:0 and C14:0 fatty acids in both experimental
groups, and a decrease in C18:0 fatty acid levels in the BSFL20 group were
observed. Areduction in C16:1 and monounsaturated fatty acid levels was noted
in the experimental groups. The atherogenicity index was higher in the BSFL20
group, while the n-6/n-3 ratio was lower compared to the control. In conclusion,
H. illucens can be implemented in pheasant diets with beneficial effects on the
number of eggs and positive trends for selected survival indices. Furthermore,
H. illucens full-fat meal positively modified the chemical composition of the eggs.

havioural characteristics. These activities are aimed
to obtain individuals with traits resembling those

Pheasants, under strict hunting management, of wild birds capable of adapting to environmental
breeding, and current limited consumption have be- pressures. Additionally, due to their valuable nutri-
come a visible part of the fauna in Europe. Breeding tional qualities, pheasants are also raised for both
programmes primarily focus on acquiring specimens  egg production and meat consumption (Ozbey et al.
with specific anatomical, morphological, and be- 2011; Geaumont et al. 2017; Ugurlu et al. 2017).
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Pheasant meat is characterised by a fairly low fat
content, a favourable fatty acid profile, particularly
the proportion of n-3 to n-6 polyunsaturated fatty
acids (Mieczkowska et al., 2015). However,
pheasant eggs are mainly utilised for reproduction
purposes due to their seasonal production, subopti-
mal hatchability (41-79%), and consequently low
market availability.

The incorporation of a diverse diet in terms of
the quantity and quality of protein, energy compo-
nents and various feed additives, influences in turn
the number of eggs, their quality and hatchability,
and chemical composition (Gugata et al., 2019; Flis
and Gugata, 2021; El-Saadany et al., 2022). Certain
animal protein feedstuffs, in addition to plant feed
materials, have been introduced in order to improve
production results and administer diets closely resem-
bling natural conditions of these birds (Marono et al.,
2017; Secci et al., 2021; El-Sabrout et al., 2023). To
address taste and odour concerns in eggs or meat, in-
sect meal has been explored as a substitute for limited
amounts of fish meal (Anankware et al., 2015). These
meals contain significant quantities of crude protein
(50-65%), crude fat (7.9—47%), minerals and vita-
mins (Benzertiha et al., 2020; Khalifah et al., 2023).
Many studies have highlighted the suitability of insect
meals for pigs and poultry (Kieronczyk et al., 2022a;
Kieronczyk et al., 2023; Khalifah et al., 2023). The
incorporation of insect meal has been found to influ-
ence the fatty acid profile in broiler meat (Kieronczyk
et al., 2023), layer eggs (Secci et al., 2018;
Chatzidimitriou et al., 2022) and Japanese quail
(Coturnix japonica) (Secci et al., 2021). Therefore,
its addition may also affect the fatty acid composi-
tion and cholesterol content of pheasant egg yolks.
Additionally, the inclusion of black soldier fly (BSF;
Hermetia illucens) larval meal may influence not
only the chemical composition of the final products,
but also laying performance, and egg quality prop-
erties, such as egg weight, eggshell percentage, and
thickness (Marono et al., 2017, Secci et al., 2020).

The authors postulated that the incorporation of
H. illucens larval meal might affect selected hatch-
ability parameters and the physicochemical proper-
ties of eggs due to the replacement of plant-derived
feed material with insect biomass, which is more sim-
ilar to the natural diet of birds. Therefore, the purpose
of this study was to determine the effect of supple-
menting H. illucens larval meal in laying pheasant di-
ets on egg production and morphometric parameters,
selected hatchability indices, and egg yolk chemical
composition, with particular emphasis on the fatty
acid profile.

Material and methods

The experimental procedures used in this study
were approved by the Local Ethics Committee on
Animal Experimentation of the University of Life
Sciences in Lublin, Poland (approval No. 62/2022
of May 18, 2022).

Birds and housing

The study was carried out on 63 female (21 per
group, 7 per cage) and 9 male (1 per cage) pheasants
(Phasianus colchicus) (12 weeks old, first reproduc-
tive season) from the breeding flock of the experimen-
tal station. The experiment was conducted on a pheas-
ant aviary farm located in Poland (Wierzchowiny in
the Radzyn district; latitude 51.611514411746676,
longitude 22.69260406494141). The experiment last-
ed 17 weeks from March 2022 to September 2022.
The average initial body weight of the birds was ap-
proximately 930 g for females and 1245 g for males.
The birds were kept outdoors in cages with the fol-
lowing dimensions: 8.5 m x 5.0 m x 3.5 m (9 cages,
3 pens per group). Each cage was equipped with two
nipple drinkers and an automatic feeder (40-cm-long,
i.e., 4.0 cm of feeder edge per bird). A natural mat-
ing system was applied in each cage, at a sex ratio
of one male to seven females. All pheasants had
ad libitum access to feed and water. The composi-
tion of the experimental diets and nutritive values
are presented in Tables 1 and 2. The diets were for-
mulated to meet or exceed the nutritional require-
ments of the National Research Council (NRC,
1994). The experimental design was as follows:
BSFLO - basal diet without H. illucens larval
meal; BSFL10 — experimental diet with 100 g/kg
H. illucens larval meal; and BSFL20 — experimental
diet with 200 g/kg H. illucens larval meal. Full-fat
BSF larval meal was added as a partial replacement
for soybean meal (BSFL10 group) or soybean meal,
sunflower meal, and flax seeds (BSFL20).

Insect meal

The insect biomass was supplied by HiProMine
S.A. (Robakowo, Poland). H. illucens larvae were
fed a mixture of plant byproducts following the
protocol outlined by Kieronczyk et al. (2022b).
Full-fat insect meals were produced by freezing
the insect biomass at —20 °C, air-dried at 50 °C for
24 h, and subsequently homogenised using a beater
mill (with a diameter <0.1 mm). The raw material
was hygienised by heating at 100 °C for 95 min
in accordance with the guidelines of Annex IV of
European Commission Regulation No. 141/2011
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Table 1. Ingredients (g/kg, as-fed basis) of experimental pheasant
diets

. Treatment
Ingredients, glkg
BSFLO BSFL10 BSFL20

Maize 2915 3109 3599
Wheat 2220 2220 2220
Soybean meal, 478 g CP/kg 180.0 70.0 0.0
Garden pea 50.0 50.0 50.0
Black soldier fly meal, 519 g CP/kg 0.0 100.0  200.0
Flax seed 40.0 40.0 0.0
Sunflower meal 80.0 80.0 30.0
Sorghum 50.0 50.0 60.0
Soybean oil 10.0 0.0 0.0
NaCl 3.0 3.0 3.0
Dicalcium phosphate 10.0 10.0 10.0
Limestone 60.0 60.0 60.0
Mineral-vitamin premix’ 25 25 25
DL-methionine 0.0 0.2 0.7
L-lysine chloride 1.0 14 19
Total 1000 1000 1000

BSFLO - basal diet without black soldier fly larval meal application,
BSFL10 - experimental diet with 100 g/kg black soldier fly larval meal,
BSFL20 - experimental diet with 200 g/kg black soldier fly larval meal;
" provided per kg of diet: mg: Mn 60, | 1, Fe 50, Zn 100, Cu 12, Se 0.2,
vit. E 50, vit. K, 2, vit. B, 1.5, vit. B, 4.5, vit. B, 3, vit. B,, 0.015, biotin 0.1,
folic acid 0.8, nicotinic acid 20, pantothenic acid 12, choline 300; 1U:
vit. A 10000, vit. D, 2500

Table 2. Chemical composition of full-fat meal from Hermetia illucens
larvae and experimental diets

. BSFL  Treatment

Nutrents meal  BSFLO BSFL10 BSFL20
Dry matter, g 9786 8948 897.3 8987
Crude protein, g 518.8 186.8 189.3 192.5
Lysine, g 246 9.52 9.47 9.49
Methionine + cysteine,g  11.2 6.45 6.41 6.38
Crude fibre, g 90.8 474 496 425
Crude ash, g 119.7 434 48.3 519
Calcium, g 94 25.7 26.1 26.5
Total phosphorus, g 8.5 5.96 6.04 6.12
Ether extract, g 110.6 51.7 49.6 425
Lauric acid, C12:0, % 37.96 0.01 3.81 7.61
Myristic acid, C14:0, % 8.37 0.12 0.94 1.77
Palmitic acid, C16:0, % 15.31 11.28 11.76 12.68
Stearic acid, C18:0, % 3.03 2.19 2.08 1.88
Oleic acid, C18:1,n-9,%  14.51 2063  19.89  19.64
Linoleic acid, C18:2,n-6,% 12.99 4889 4494 4185
Linolenic acid, C18:3,n-3,% 1.16 4.81 4.07 2.56
AME,, MJ/kg 11.82 11.63 11.78 11.88

BSFL meal - black soldier fly larval meal, BSFLO — basal diet without
black soldier fly larval meal, BSFL10 — experimental diet with 100 g/
kg black soldier fly larval meal, BSFL20 — experimental diets with
200 g/kg black soldier fly larval meal, AME, - apparent metabolis-
able energy corrected to zero nitrogen balance calculated according
to Fisher and McNab (1987)

on the processing of animal byproducts. All
feed materials were mixed and pelleted (0.5 mm
diameter) at 60 °C.

Data and sample collection

The birds were weighed at the beginning of the
experiment and at the end of the egg production period
using a laboratory scale (Balance XPR404S, Mettler-
Toledo, LLC, Columbus, OH, USA). The diets were
administered to the pheasants for 4 weeks before the
laying period. Eggs obtained at the peak of the egg
production period (from May 20 to June 20, 2022,
1.e., 30 days) were used in the experiment (n = 1200).
The collected pheasant eggs were placed in trays and
kept at 18 °C for 7 days. The storage conditions ap-
plied were based on the recommendations of Demirel
and Kirikei (2009), who have emphasised that these
parameters do not negatively affect egg quality or
incubation parameters. Subsequently, 150 eggs of
average weight were chosen from each group and
placed in an incubator. The weight of hatching eggs
was determined using a Balance XPR404S electronic
scale (Mettler-Toledo, LLC, Columbus, OH, USA)
with an accuracy of = 0.01 g. The length and width of
the eggs were measured using an MN-85-100 elec-
tronic slide calliper (Rawlplug Ltd., Glasgow, United
Kingdom) with a precision of = 0.01 mm. The egg
shape index was calculated as the ratio of the short
axis to the long axis of the egg measured with an
electronic calliper to an accuracy of + 0.01 mm. Shell
area was calculated using the following equation pro-
vided by Kokoszynski et al. (2011):

P =4.835 x W,
where: W — the egg weight.

Egg protein quality, expressed in Haugh units
(H,), was calculated as the natural logarithm of pro-
tein height (H) taking into account the egg weight (W):

H =1I(H)+7.57 17w,

During the incubation period, the fertilisation sta-
tus of the eggs, the number of hatched chicks, and
the count of embryos that died were recorded. Sub-
sequently, the following percentage indices for the
hatchlings were computed: fertility (%), hatchability
from set eggs (%), hatchability from fertile eggs (%),
and mortality at 0-25 days (% of set eggs).

Prior to placing the eggs in the incubator,
6 eggs from each weekly egg collection were se-
lected from each group for analytical process-
ing. The yolks were separated from the collected
eggs (48 eggs from each group). Average pooled
samples for analysis were obtained from 3 eggs
(n = 16). Egg yolks were mixed and frozen at
—20 °C until laboratory analyses.
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Chemical analysis

The nutritive value, including dry matter (DM;
procedure 934.01), crude protein (CP; proce-
dure 955.04), crude fibre (CF; procedure 962.09),
ether extract (EE; procedure 920.39), crude ash
(CA; procedure 942.05), and amino acid profile
(procedure 994.12), of the basal diets was analysed
according to the methods of AOAC (2000). The Ca
content in the feed samples was determined using
the AAS flame technique (AAS Unicam 939, Shi-
madzu Corp., Tokyo, Japan) after preheating to
550 °C, following the methods outlined by AOAC
(2000) (procedure 927.02). The total P content (pro-
cedure 965.17) in the feed was identified colori-
metrically using a Helios Alpha UV-VIS apparatus
(Spectronic Unicam, Leeds, United Kingdom).

The total ether extract of the yolks for fatty acid
profile analysis was determined using the chloro-
form/methanol technique, as described by Folch
et al. (1957). The percentage of fatty acid methyl
esters was estimated by gas chromatography us-
ing a Varian CP-3800 chromatograph (SpectraLab
Scientific, Inc., Markham, Canada). The chroma-
tographic operating conditions for fatty acid sepa-
ration were described by Grela et al. (2020). Lipid
quality indices, i.e., the atherogenicity index (Al)
and thrombogenicity index (TI), were calculated
based on the equations of Gao et al. (2020):

C12:0+4 x C14:0 + C16:0 )
5

atherogenicity index = (
SMUFA + ¥ (n-6) + ¥ (n-3)

where: C12:0 — lauric acid, C14:0 — myristic acid,
C16:0 — hexadecenoic acid, MUFA — monoun-
saturated fatty acid, n-6 — omega-6 fatty acid, and
n-3 — omega-3 fatty acid;

thrombogenicity index =

C14:0+C16:0+C18:0 ,
0.5 x YMUFA +0.5 x Y (n-6) + 3 x ¥ (n-3) + gégg
where: C18:0 is stearic acid.
The hypocholesterolemic/hypercholesterolemic
ratio (h/H) was calculated according to the formula
described by Fernandez et al. (2007):

h/H=C18:1n9 + C18:1 n7 + C18:2 n6 + C18:3 n6
+ C18:3 n3 + C20:3 n6 + C20:4 n6 + C20:5 n3 +
+(C22:4n6 + C22:5n3+ C22:6 n3 / C14:0 + C16:0,

where: C18:1 n9 — oleic acid, C18:1 n7 — vaccenic
acid, C18:2 n6 — linoleic acid, C18:3 n6 — gamma-li-
nolenic acid, C18:3 n3 — alpha-linolenic acid, C20:3
n6 — dihomo-gamma linolenic acid, C20:4 n6 — ara-
chidonic acid, C20:5 n3 — eicosapentaenoic acid,

C22:4 n6 — adrenic acid, C22:5 n3 — docosapentae-
noic acid, and C22:6 n3 — docosahexaenoic acid.

Cholesterol was determined by direct saponifi-
cation of egg yolk followed by gas chromatography
analysis (Varian CP-3800 chromatograph, Spectral.ab
Scientific, Inc., Markham, Canada), according to
the method developed by Botsoglou et al. (1998).
Aliquots (1 pl) of the saponified extracts were in-
jected (split-less mode) into a fused silica capillary
column (30 m x 0.53 mm i.d.) coated with a 1.0 um
thick SPB-1 film. The column temperature increase
was programmed from 250 to 300 °C at a rate of
10 °C/min and held at 300 °C for 15 min. The in-
jection port and flame ionisation detector tempera-
tures were set at 300 °C. The hydrogen carrier gas
flow rate was set at 3.4 ml/min. All injections were
performed using a split-less mode. Cholesterol was
identified by comparing sample retention times with
those of an authenticated laboratory standard. Quan-
tification was carried out against an external stan-
dard based on a curve plotted with cholesterol levels
and peak area values. Cholesterol concentrations
were expressed as mg/g yolk.

Statistical analysis

For the selected egg morphometric parameters,
each individual egg was defined as an experimen-
tal unit (total egg production excluding culled eggs,
i.e., BSFLO, n = 316; BSFL10, n = 370; BSFL20,
n = 452). Regarding hatchability parameters,
150 randomly selected eggs (n = 150/treatment)
were used. The chemical composition and fatty
acid profile of egg yolks were determined using
16 randomly selected eggs (n = 16/treatment). The
obtained results were analysed statistically using
STATISTICA ver. 13.3 (TIBCO Software, Inc.,
Palo Alto, CA, USA). All data were tested for nor-
mal distribution and homogeneity of variance using
the Shapiro-Wilk test and Bartlett test, respectively.
One-way ANOVA was performed to determine the
effects of the experimental factors (diet with dif-
ferent levels of insect protein). The significance of
differences between group means was estimated us-
ing Tukey’s test at a confidence level of P < 0.05.
A trend was considered significant at P < 0.10.

Results

Egg production and morphology

A significant difference in terms of egg produc-
tion was observed (Table 3). The highest number
of eggs was obtained in the BWF20 group, and the
lowest in the BSFLO group (P=0.001). The BSFL10
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Table 3. Effect of black soldier fly larval meal inclusion in pheasant
diets on egg production and selected morphometric parameters

Treatment
ftem BSFLO BSFL10 BSFL2o oM Frvalue
Total number of eggs  339° 392  469° 12.5 0.001
Culled eggs, % 6.80° 5.60® 3.70° 0.19 0.041
Egg weight, g 315 32 322 142 0173
Egg length, mm 445 446 447 0.75 0.362
Egg width, mm 37 357 358 0.25 0.512
Egg shape index, % 80.2 80.0  80.1 0.21 0473
Eggshell area, cm? 469 469 479 0.34 0.124
Egg albumen height, mm ~ 3.97°  4.17® 436* 0.21 0.038
Haugh index 736> 754° 76.3°  1.63 0.046

BSFL meal - black soldier fly larval meal, BSFLO — basal diet without
black soldier fly larval meal, BSFL10 — experimental diet with 100 g/
kg black soldier fly larval meal, BSFL20 — experimental diets with
200 g/kg black soldier fly larval meal, SEM — standard error of the mean;
means for selected morphometric parameters represent: BSFLO,
n = 316; BSFL10, n = 370; and BSFL20, n = 452; & — values within
a row with different superscripts are significantly different at P < 0.05

treatment was characterised by an intermediate
egg production. The percentage of culled eggs was
lower (P = 0.041) in BSFL20 than in BSFLO, while
BSFL10 exhibited no changes. Additionally, the low-
est (P = 0.038) egg albumen height was determined
in BSFLO, as opposed to BSFL20, where the highest
value was recorded. No significant differences were
observed between the experimental treatments. The
Haugh index increased (P = 0.046) in response to the
BSFL20 treatment. Neither BSFLO nor BSFL10 diet
had a notable effect on these parameters.

Hatchability parameters

No significant differences (P > 0.05) were
identified in the selected hatchability parameters,
i.e., fertility, hatchability from set eggs and fertile
eggs, as well as chick survivability between treat-
ments (Table 4). However, it should be noted that

Table 4. Effect of black soldier fly larval larval meal inclusion in pheas-
ant diets on selected hatchability parameters

Treatment
ftem BSFLO BSFL10 BSFLzo oM Palue
Fertility, % 92 88 93 230 0.348
Hatchability fromset 70 73 67 185 0.241
eggs, %
Hatchability from fertile
6ggs, % 76 83 72 225 017
Survivability of chicks 83 89 95 2.75 0.068
up to 7 days of age
Survivability of chicks 73 81 88 1.84  0.061
up to 14 days of age

BSFLO - basal diet without black soldier fly larval meal, BSFL10 —
experimental diet with 100 g/kg black soldier fly larval meal,
BSFL20 — experimental diet with 200 g/kg black soldier fly larval meal,
SEM - standard error of the mean; means represent 150 randomly
selected eggs (n = 150/treatment); P > 0.05 — not significantly different

there was a dose-dependent improvement trend for
chick survival up to 7 days (P = 0.068) and 14 days
(P =0.061) after hatching.

Pheasant weight

No significant differences in body weight were
recorded between treatments and after 3 months
(P = 0.525) or in average daily gain (0-12 weeks;
P =10.096) (Table 5).

Table 5. Effect of black soldier fly larval meal inclusion in pheasant
diets on body weight and average daily gain of female pheasants, g

Treatment
ltem BSFLO BSFL10 BSFLzo oM Fvalue
Initial body weight, g 934 933 933 156 0558
Body weightafter3 958 958 960 159 0525
months, g
ADG (0-12weeks) g 028 030 032 003 0.096

BSFLO - basal diet without black soldier fly larval meal application,
BSFL10 — experimental diet with 100 g/kg black soldier fly larval meal,
BSFL20 — experimental diet with 200 g/kg black soldier fly larval meal,
SEM - standard error of the mean, ADG — average daily gain; means
represent 21 individual female birds (n = 21/treatment); P > 0.05 — not
significantly different

Egg chemical composition

Analysis of the chemical composition of pheas-
ant egg yolk indicated an increased content of DM
(P=0.045) and CP (P =0.039) in the BSFL20 group
compared to the BSFLO group (Table 6). Moreover,
the inclusion of H. illucens larval meal in the pheas-
ant diet tended to increase (P = 0.075) CA concen-
trations and reduce cholesterol levels (P = 0.067).

Table 6. Effect of black soldier fly larval meal inclusion in pheasant
diets on the chemical composition (g/kg) of egg yolk

Treatment
ftem BSFLO BSFL10 BSFLoo ooV Fvale
Dry matter 454° 457° 4642 5.1 0.045
Crude ash 15.7 16.3 16.7 1.1 0.075
Crude protein 148° 1522 1582 8.9 0.039
Ether extract 258 258 258 121 0.205
NfE 32.1 315 311 1.3 0.102
Cholesterol, mglg  10.5 9.93 9.87 0.34 0.067

BSFLO — basal diet without black soldier fly larval meal, BSFL10 —
experimental diet with 100 g/kg black soldier fly larval meal,
BSFL20 - experimental diet with 200 g/kg black soldier fly larval meal,
NfE — nitrogen-free extract, SEM — standard error of the mean; means
represent randomly selected eggs, i.e., n = 16/treatment; ® - values
within a row with different superscripts are significantly different
atP<0.05

The fatty acid profile and Al, TI, and h/H in-
dices of pheasant egg yolks are summarised in
Table 7. Notably, there was a significant increase in
the proportion of saturated acids (P = 0.035), mainly
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Table 7. Effect of black soldier fly larval meal inclusion in pheasant
diets on the fatty acid profile in egg yolk

Treatment

ftem BSFLO BSFL10 BSFL20 oM Fvalue
Saturated

lauric, C12:0 0.01¢ 0.072 0.0 0.01 0.011
myristic, C14:0 0.52¢ 1.16° 1.93¢ 0.17 0.012
palmitic, C16:0 262 268 269 0.38 0.103
stearic, C18:0 8.88¢ 8.80® 8.07° 0.21 0.042
Unsaturated

palmitoleic, C16:1,n-9  6.16  4.83> 4.40° 0.32 0.021
oleic, C18:1, n-9 374 373 381 044 0.167
vaccenic, C18:1, n-7 278 273 2.04> 0.11 0.041
linoleic, C18:2, n-6 139 138 138 0.34 0.226
linolenic, C18:3, n-3 104 116 117 0.09 0.098
gondoic, C20:1, n-9 028 030 027 0.02 0.185
arachidonic, C20:4,n-6 082 085 0.79 0.09 0.152
DHA, C22:6, n-3 050  0.51 0.47 0.04 0.169
Summarized

SFA 358> 3718 37.3 1.01 0.035
MUFA 4722 458 458 1.18 0.024
PUFA 166 167 166 049 0.171
PUFA, n-3 175 189 188 0.11 0.095
PUFA, n-6 149 148 147 032 0.224
PUFA, n6:n3 8500 7.8 7.83 0.14 0.037
Al 0.44> 0.51® 056° 0.05 0.038
Tl 098 1.02 1.03 0.03 0.095
h/H 212 202 196 0.11 0.102

BSFLO - basal diet without black soldier fly larval meal,
BSFL10 - experimental diet with 100 g/kg black soldier fly larval
meal, BSFL20 - experimental diet with 200 g/kg black soldier fly
larval meal, SFA - saturated fatty acid, MUFA — monounsaturated
fatty acid, PUFA - polyunsaturated fatty acid, Al — atherogenicity
index, TI — thrombogenicity index, h/H - hypocholesterolemic/
hypercholesterolemic ratio, SEM - standard error of the mean; means
represent randomly selected eggs, i.e., n = 16/treatment; 2 —values
within a row with different superscripts are significantly different
atP<0.05

lauric acid (C 12:0) and myristic acid (C 14:0), in
both experimental groups, and a decrease in stea-
ric acid (C 18:0) in the group receiving 20% in-
sect meal supplementation. A significant reduction
(P =0.025) in palmitoleic acid (C 16:1) was record-
ed in the experimental groups, which also had simi-
lar proportions of oleic acid (C 18:1, n-9); hence,
the total proportion of monounsaturated fatty acids
(MUFAs) was reduced. The percentage of n-6 poly-
unsaturated fatty acids (PUFAs) was similar in the
control and experimental groups, while for n-3 PU-
FAs, there was a slight trend (P = 0.095) towards
an increased proportion of n-6 polyunsaturated fatty
acids (PUFAs) in egg yolks of pheasants fed a mix-
ture with insect meal. Changes in the fatty acid pro-
file contributed to an increase in the Al (P = 0.038)
values in the group of birds administered feed with

20% insect meal addition and a favourable reduc-
tion in the n-6 to n-3 PUFA ratio (P = 0.037). No
significant alterations were found in TI or hypo/hy-
percholesterolemic (h/H) acid ratio.

Discussion

The diet of free-ranging pheasants comprises
plant products, mainly cereal grains, as well as vari-
ous insects and their larvae, with the feed compo-
sition influenced by the environmental conditions
the birds inhabit (Anankware et al., 2015). Agri-
cultural intensification has been shown to contrib-
ute to reduced reproductive success due to the lim-
ited proportion of invertebrates in pheasant diets
(Geaumont et al., 2017). In poultry production, in-
cluding pheasants, diets are largely composed of
cereal grains, while by-products of the oil industry,
such as soybean, rapeseed, and sunflower meals are
used as protein feedstuffs (Kokoszynski et al., 2014;
Gugata et al., 2019). In an attempt to mimic feed in-
gredients available in the natural habitats of pheas-
ant, various high-protein components are being in-
troduced, including those of animal origin, such as
insect larvae or meal (Chatzidimitriou et al., 2022).
Previous studies in other animal species have shown
positive effects of such treatments (Kieronczyk
et al., 2022b) on growth performance (Kieronczyk
et al., 2022a) and egg quality (Liu et al., 2021).

The nutritive and hatching value of eggs is de-
termined by their chemical composition, including
amino acid and fatty acid profiles, as well as the con-
tent of biologically active substances (Sunwoo and
Gujral, 2015). Recently, various feed materials have
been evaluated for their impact on pheasant laying
performance and egg chemical composition (Gugata
et al., 2019; Flis and Gugata, 2021). However, there
are no published reports concerning the application
of insect meal in pheasant hen nutrition, its effects
on production performance (laying and hatchabil-
ity) or egg chemical composition. To date, a limited
number of studies on pheasants have focused on the
influence of the physical and chemical characteris-
tics of eggs on the hatching and rearing of chicks.
Ipek and ve Dikmen (2007) showed that egg weight
significantly affected body weight of chicks, their
rearing and later growth. Post-hatching body weight
also plays a significant role in subsequent laying and
the weight of eggs obtained (Ozbey et al., 2011).
Similar results were reported by Ozbey et al. (2011)
and Ashraf et al. (2016), highlighting a significant
effect of egg weight on later body weight of chicks
during hatching and rearing. In the present study,
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no effect of insect biomass on egg weight or hatch-
ability indices was observed. However, the admin-
istration of BSF larval meal in our study led to in-
creased number of eggs laid, their size and weight,
and the Haugh index, contributing significantly to
the improved biological value of hatching eggs and
embryo survival. This improvement can be attrib-
uted to optimal levels of crude protein and metabo-
lisable energy (NRC, 1994), with the inclusion of
insect meal yielding desired outcomes in reproduc-
tion. The protein content in the diet of pheasants is
crucial, as indicated by Kokoszynski et al. (2011),
who reported a deterioration in hatchability param-
eters at lower protein levels included in pheasant di-
ets. Ugurlu et al. (2017) emphasised the necessity to
appropriately optimise the level and quality of pro-
tein in birds’ diets, as both deficiency and excess of
protein in the feed can adversely affect certain as-
pects of birds’ production. The available literature
demonstrates that the utilisation of insect biomass
in the nutrition of laying hens exerts various ef-
fects on egg production and morphometric indices.
Nevertheless, as chicken eggs play a more important
role in human nutrition, most related studies have
focused on the chemical quality of eggs. However,
the introduction of defatted H. illucens larval meal
(170 g/kg) as a total replacement for soybean meal
did not affect egg weight (Secci et al., 2018). On the
other hand, Secci et al. (2020; 2021) reported positive
effects of BSF and Tenebrio molitor larvae on egg
weight increase; however, these studies assumed only
a partial substitution of soybean meal in the birds’
diets. Marono et al. (2017) emphasised that feeding
hens with defatted H. illucens meal could reduce lay-
ing performance and egg weight. In the present study,
a positive effect on the total number of eggs, as well
as the percentage of culled eggs, was observed even
when 200 g/kg full-fat BSF larval meal was applied.
This finding is consistent with a natural behavioural
nutritional model, where birds, particularly pheas-
ants, are dependent on high-level crude protein diets
containing components of animal-origin. Further-
more, the increase in egg albumen height and Haugh
index associated with the highest dose of H. illucens
larval meal administration might partly explain the
tendency towards improved survivability of chicks up
to 7 and 14 days of age. The Haugh index is a well-
known indicator of internal egg quality. Moreover,
an increase in albumen height positively influences
albumen quality and thus the fertility and hatchability
of chicks. However, comprehensive data and further
nutritional experiments are essential to fully elucidate
this phenomenon.

Diets containing BSF larval meal increased the
dry matter and protein content of egg yolks and modi-
fied the fatty acid profile. These findings have posi-
tive implications for egg production and human nu-
trition, as elevated dry matter is primarily attributed
to increased egg protein content, providing a rich
source of exogenous amino acids. Crude protein
concentrations exceeded values reported by Nowac-
zewski et al. (2013) and Song et al. (2000), i.e.,
12.5%—13.4%. However, changes in the fatty acid pro-
file,mainlyintermsofSFAlevels, mirrored theresults of
Chatzidimitriou et al. (2022), who reported that com-
plete replacement of soybean meal with insect meal in-
creased the percentage of saturated fatty acids (SFAs)
and MUFAs, while decreasing PUFA levels in laying
hen eggs. However, in the present study, an opposite
trend was noted regarding the effect of insect biomass
on the MUFA and PUFA contents in eggs. Further-
more, Secci et al. (2018) completely substituted soy-
bean meal with insect meal in the diet of laying hens
and did not observe significant differences in the SFA
profile; however, the latter authors recorded decreased
MUFA and increased PUFA concentrations compared
to the control group. In contrast, Park et al. (2021)
reported increased levels of MUFAs (P < 0.01) and
decreased levels of PUFAs in eggs from laying hens
fed diets containing insect meal. The divergent results
across studies may stem from differences in insect
developmental stages used during meal production,
their nutritive value, and the bird species examined.
The cholesterol-lowering trend of 5.9% in egg yolk
(P = 0.067) was consistent with the findings of Sec-
ci et al. (2018) in Lohmann Brown Classic hens,
where the use of H. illucens larval meal instead of
soybean meal led to an up to 11% reduction in egg
yolk cholesterol levels. It should be noted that cho-
lesterol levels are primarily regulated endogenously
and the compound is not absorbed from the GI tract,
requiring further research to clarify the effect of diet
on cholesterol concentrations. However, a com-
monly reported phenomenon in the available lit-
erature is the reduction of cholesterol levels in egg
yolks by feeding H. illucens to laying hens (Secci
et al., 2018). The aforementioned phenomenon may
be explained by the presence of chitin and its abil-
ity to bind negatively charged fatty acids (Prajapati
and Patel, 2010), but this mechanism requires fur-
ther investigation. Surprisingly, the present study
revealed a favourable reduction in the n-6/n-3 ratio
in egg yolk, which is beneficial for the human diet
(Attia et al., 2017). The available literature has
frequently highlighted the effect of H. illucens
products on the reduction of n-3 fatty acid levels
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(Kieronczyk et al., 2022a;b; 2023). In contrast,
PUFA n-3 were found not to be affected in the pres-
ent study. Moreover, the atherogenic index was
increased by the BSFL20 treatment. Within the
Al range proposed by Attia et al. (2017), i.e., from
0.434 to 0.533, the obtained results did not signifi-
cantly exceed the standard. It should also be noted
that H. illucens larval fat is characterised by high
myristic and palmitic acid levels, common athero-
genic agents. Therefore, it is crucial to modify the
fatty acid profile of insect biomass during the rear-
ing process through the chemical composition of
the substrate (Kieronczyk et al., 2023).

Conclusions

The incorporation of black soldier fly larvae
meal at 200 g/kg into pheasant diets yielded
favourable results, particularly in terms of
increased egg production and a tendency towards
improved chick survival up to 7 and 14 days of
age. Additionally, full-fat black soldier fly meal
significantly modified the chemical composition of
eggs by increasing the dry matter and crude protein
content. Furthermore, the beneficial impact of black
soldier fly larval meal was observed with respect to
the yolk n-6:n-3 ratio and atherogenic index. Based
on these findings, Hermetia illucens larval meal can
be applied successfully in pheasant diets at a level
of 200 g/kg.

Acknowledgements

We would like to express our sincere apprecia-
tion for the contribution and logistical support pro-
vided by HiProMine S.A. (Robakowo, Poland).

Conflict of interest

The Authors declare that there is no conflict of
interest.

References

Anankware P.J., Fening K.O., Osekre E., Obeng-Ofori D., 2015. In-
sects as food and feed: A review. Int. J. Agr. Res. Rev. 3,
143-151

AOAC, 2000. Official Methods of Analysis. 17" Edition. The Associa-
tion of Official Analytical Chemists. Gaithersburg, MD (USA)

Ashraf S., Javid A., Ashraf M., Akram M., Malik S., Irfan B., Altaf M.,
2016. Influence of egg weight on egg quality parameters and

growth traits in ring necked pheasants (Phasianus colchicus)
in captivity. J. Anim. Plant Sci. 26, 331-338

Attia Y.A., Al-Harthi M.A., Korish M.A., Shiboob M.M., 2017. Fatty acid
and cholesterol profiles, hypocholesterolemic, atherogenic,
and thrombogenic indices of broiler meat in the retail market.
Lipids Health Dis. 16, 40, https://doi.org/10.1186/512944-
017-0423-8

Benzertiha A., Kieroriczyk B., Rawski M., Mikotajczak Z., Urbanski
A., Nogowski L., Jozefiak D., 2020. Insect fat in animal nutri-
tion — a review. Ann. Anim. Sci. 20, 1217-1240, https://doi.
org/10.2478/aoas-2020-0076

Botsoglou N., Fletouris D., Psomas I., Mantis A., 1998. Rapid gas
chromatographic method for simultaneous determination
of cholesterol and a-tocopherol in eggs. J. AOAC Int. 81,
1177-1183, https://doi.org/10.1093/jaoac/81.6.1177

Chatzidimitriou E., Davis H., Maurer V., Leiber F., Leifert C., Stergia-
dis S., Butler G., 2022. Egg fatty acid profiles and potential
health risk from defatted insect meal in laying hens’ diets.
J. Ins. Food Feed 8, 1085-1095, https://doi.org/10.3920/
JIFF2022.0027

Demirel S., Kirikci K., 2009. Effect of different egg storage times on
some egg quality characteristics and hatchability of pheas-
ants (Phasianus colchicus). Poult. Sci. 88, 440-444, https:/
doi.org/10.3382/ps.2008-00131

El-Saadany A.S., El-Barbary A.M., Shreif E.Y., Elkomy A., Khalifah A.M.,
El-Sabrout K., 2022. Pumpkin and garden cress seed oils as
feed additives to improve the physiological and productive
traits of laying hens. Ital. J. Anim. Sci. 21, 1047-1057, https:/
doi.org/10.1080/1828051X.2022.2090288

El-Sabrout K., Dantas M.R.T., Souza-Junior J.B.F., 2023. Herbal and
bee products as nutraceuticals for improving poultry health
and production. World Poultry Sci J. 79, 223-242, https://doi.
0rg/10.1080/00439339.2021.1960238

Fernandez M., Ordofiez J.A., Cambero |. Santos C., Pin C., de la
Hoz L., 2007. Fatty acid compositions of selected varieties
of Spanish dry ham related to their nutritional implications.
Food Chem. 101, 107-112, https://doi.org/10.1016/}.food-
chem.2006.01.006

Fisher C., McNab J., 1987. Techniques for determining the metabolis-
able energy (ME) content of poultry feed. In: W. Haresign,
D.J.A. Cole (Editors). Recent advances in animal nutrition.
Butterworth-Heinemann. Oxford (UK), pp. 3-18, https://doi.
org/10.1016/B978-0-407-01163-2.50005-9

Flis M., Gugata D., 2021. Effect of organic minerals and alpha-ketoglu-
tarate in pheasant diet on performance, hatchability and the
composition of eggs. Med. Weter. 77, 605-611, https://dx.doi.
0rg/10.21521/mw.6598

Folch J., Lees M., Sloane Stanley G.H., 1957. A simple method for the
isolation and purification of total lipids from animal tissues.
J. Biol. Chem. 226, 497-509, https://doi.org/10.1016/S0021-
9258(18)64849-5

Gao M., Cieslak A., Kieroficzyk B., Huang H., Yanza Y.R., Zaworska-
Zakrzewska A., Jozefiak D., Szumacher-Strabel M., 2020.
Effects of raw and fermented rapeseed cake on growth per-
formance, methane production, and breast meat fatty acid
composition in broiler chickens. Animals 10, 2250, https://doi.
org/10.3390/ani10122250

Geaumont B.A., Sedivec K K., Schauer C.S., 2017. Ring-necked
pheasant use of post — conservation reserve program lands.
Rangel. Ecol. Manag. 70, 569-575, https://doi.org/10.1016/].
rama.2017.04.003

Grela E.R., Knaga S., Winiarska-Mieczan A., Zigha G., 2020. Effects of
dietary alfalfa protein concentrate supplementation on perfor-
mance, egg quality, and fatty acid composition of raw, freeze-
dried, and hard-boiled eggs from Polbar laying hens. Poult. Sci.
99, 2256-2265, https://doi.org/10.1016/j.ps}.2019.11.030


https://doi.org/10.1186/s12944-017-0423-8
https://doi.org/10.1186/s12944-017-0423-8
https://doi.org/10.2478/aoas-2020-0076
https://doi.org/10.2478/aoas-2020-0076
https://doi.org/10.1093/jaoac/81.6.1177
https://doi.org/10.3920/JIFF2022.0027
https://doi.org/10.3920/JIFF2022.0027
https://doi.org/10.3382/ps.2008-00131
https://doi.org/10.3382/ps.2008-00131
https://doi.org/10.1080/1828051X.2022.2090288
https://doi.org/10.1080/1828051X.2022.2090288
https://doi.org/10.1080/00439339.2021.1960238
https://doi.org/10.1080/00439339.2021.1960238
https://doi.org/10.1016/j.foodchem.2006.01.006
https://doi.org/10.1016/j.foodchem.2006.01.006
https://doi.org/10.1016/B978-0-407-01163-2.50005-9
https://doi.org/10.1016/B978-0-407-01163-2.50005-9
https://dx.doi.org/10.21521/mw.6598
https://dx.doi.org/10.21521/mw.6598
https://doi.org/10.1016/S0021-9258%2818%2964849-5
https://doi.org/10.1016/S0021-9258%2818%2964849-5
https://doi.org/10.3390/ani10122250
https://doi.org/10.3390/ani10122250
https://doi.org/10.1016/j.rama.2017.04.003
https://doi.org/10.1016/j.rama.2017.04.003
https://doi.org/10.1016/j.psj.2019.11.030

M. Flis et al.

225

Gugata D., Flis M., Grela E.R., 2019. The effect of zinc, iron, calcium,
and copper from organic sources in pheasant diet on the perfor-
mance, hatching, minerals, and fatty acid composition of eggs.
Poult. Sci. 98, 4640-4647, https://doi.org/10.3382/ps/pez162

Ipek A., ve Dikmen B.Y., 2007. The relationship between growth traits
and egg weight in pheasants (P. colchicus). J. Biodivers. Env.
Sci. 1, 117-120

Khalifah A., Abdalla S., Rageb M., Maruccio L., Ciani F., EI-Sabrout K.,
2023. Could insect products provide a safe and sustainable
feed alternative for the poultry industry? A comprehensive re-
view. Animals 13, 1534, https://doi.org/10.3390/ani13091534

Kieroriczyk B., Rawski M., Mikofajczak Z., Homska N., Jankowski J.,
Ognik K., Jézefiak A., Mazurkiewicz J., Jozefiak D., 2022a.
Available for millions of years but discovered through the
last decade: Insects as a source of nutrients and energy in
animal diets. Anim. Nutr. 11, 6079, https://doi.org/10.1016/j.
aninu.2022.06.015

Kieronczyk B., Rawski M., Mikotajczak Z., Szymkowiak P., Stuper-
Szablewska K., Jozefiak D., 2023. Black soldier fly larva fat in
broiler chicken diets affects breast meat quality. Animals 13,
1137, https://doi.org/10.3390/ani13071137

Kieronczyk B., Sypniewski J., Mikotajczak Z., Rawski M., Pruszyriska-
-Oszmatek E., Sassek M., Kotodziejski P., Jozefiak D., 2022b.
Replacement of soybean oil with cold-extracted fat from Her-
metia illucens in young turkey diets: effects on performance,
nutrient digestibility, selected organ measurements, meat
and liver tissue traits, intestinal microbiota modulation, and
physiological and immunological status. Anim, Feed Sci.
Technol. 286, 115210, https://doi.org/10.1016/j.anifeed-
s¢i.2022.115210

Kokoszynski D., Bernacki Z., Korytkowska H., Wilkanowska A., 2014.
Effect of different feeding regimens for game pheasants on
carcass composition, fatty acid profile and mineral content
of meat. Eur. Poult. Sci. 78, 1-10, https://doi.org/10.1399/
eps.2014.10

Kokoszynski D., Bernacki Z., tawski K., 2011. Quality of eggs from
game pheasants fed diets of different nutritional value. Acta
Sci. Pol. Zootech. 10, 41-48

LiuX,, LiuX., YaoY.,QuX., ChenJ., XieK.,Wang X., Qi Y., Xiao B., He
C., 2021. Effects of different levels of Hermetia illucens larvae
meal on performance, egg quality, yolk fatty acid composi-
tion and oxidative status of laying hens. Ital. J. Anim. Sci. 20,
256-266, https://doi.org/10.1080/1828051X.2021.1878946

Marono S., Loponte R., Lombardi P., et al., 2017. Productive perfor-
mance and blood profiles of laying hens fed Hermetia illu-
cens larvae meal as total replacement of soybean meal from
24 10 45 weeks of age. Poult. Sci. 96, 1783-1790, https://doi.
0rg/10.3382/ps/pew461

Mieczkowska A., Kokoszynski D., Wasilewski R., Bernacki Z., 2015.
Carcass composition and meat quality of common pheasants
(Phasianus colchicus colchicus) depending on sex of birds
(in Polish). Zywn. Nauka Technol. Jakos¢ 3, 95-106,
https://doi.org/10.15193/zntj/2015/100/043

Nowaczewski S., Szablewski T., Cegielska-Radziejewska R., Stuper-
-Szablewska K., Rudzifiska M., Lesnierowski G., Kontecka
H., Szulc K., 2013. Effect of housing system and eggshell
colour on biochemical and microbiological characteristics of
pheasant eggs. Arch. Geflugelkd. 77, 226-233

NRC (National Research Council), 1994. Nutrient Requirements of
Poultry. 9" Edition. National Academic Press. Washington,
DC (USA)

Ozbey O., Esen F., Aysondu M.H., 2011. Effect of hatch weight on
egg production, hatchability and egg quality characteristics
in pheasant (Phasianus colchicus). J. Anim. Vet. Adv. 10,
3201-3206

Park S.H., Kim H.R., Baek Y.C., Ryu C.H., Ji S.Y,, Jeong J.Y., Kim
M., Jung H., Kim B., 2021. Effects of dietary inclusion level
of microwave-dried and press-defatted black soldier fly (Her-
metia illucens) larvae meal on productive performance, cecal
volatile fatty acid profile, and egg quality in laying hens. Ani-
mals 11, 1486, https://doi.org/10.3390/ani11061486

Prajapati B.G., Patel R.P., 2010. Nutrition, dietary supplements and
herbal medicines: A safest approach for obesity. Res. J.
Pharm. Biol. Chem. Sci. 1, 39-45

Secci G., Addeo N.F., Rodriguez L.F.P., Bovera F., Moniello G., Parisi
G., 2021. In vivo performances, ileal digestibility, and phys-
icochemical characterization of raw and boiled eggs as af-
fected by Tenebrio molitor larvae meal at low inclusion rate in
laying quail (Coturnix japonica) diet. Poult. Sci. 100, 101487,
https://doi.org/10.1016/}.ps|.2021.101487

Secci G., Bovera F., Nizza S., Baronti N., Gasco L., Conte G.,
Serra A., Bonelli A., Parisi G., 2018. Quality of eggs from
Lohmann Brown Classic laying hens fed black soldier fly meal
as substitute for soya bean. Animal 12, 2191-2197, https:/
doi.org/10.1017/S1751731117003603

Secci G., Bovera F., Parisi G., Moniello G., 2020. Quality of eggs and
albumen technological properties as affected by Hermetia il-
lucens larvae meal in hens’ diet and hen age. Animals 10, 81,
https://doi.org/10.3390/ani10010081

Song K.T., Choi S.H., Oh H.R., 2000. A comparison of egg qual-
ity of pheasant, chukar, quail and guinea fowl. Asian Aus-
tralas. J. Anim. Sci. 13, 986-990, https://doi.org/10.5713/
ajas.2000.986

Sunwoo H.H., Gujral N., 2015. Chemical Composition of Eggs and
Egg Products. In: P. Cheung, B. Mehta (Editors). Handbook
of Food Chemistry. Springer, Berlin. Heidelberg (Germany),
pp. 331-363, https://doi.org/10.1007/978-3-642-36605-5_28

Ugurlu M., Akdag F., Teke B., Salman M., 2017. Effects of protein in
diet and sex ratio on egg production, egg and hatching chick
weight, fertility, hatchability and embryonal mortality in pheas-
ants (Phasianus colchicus). Braz. J. Poult. Sci. 19, 231-238,
http://dx.doi.org/10.1590/1806-9061-2016-0423


https://doi.org/10.3382/ps/pez162
https://doi.org/10.3390/ani13091534
https://doi.org/10.1016/j.aninu.2022.06.015
https://doi.org/10.1016/j.aninu.2022.06.015
https://doi.org/10.3390/ani13071137
https://doi.org/10.1016/j.anifeedsci.2022.115210
https://doi.org/10.1016/j.anifeedsci.2022.115210
https://doi.org/10.1399/eps.2014.10
https://doi.org/10.1399/eps.2014.10
https://doi.org/10.1080/1828051X.2021.1878946
https://doi.org/10.3382/ps/pew461
https://doi.org/10.3382/ps/pew461
https://doi.org/10.15193/zntj/2015/100/043
https://doi.org/10.3390/ani11061486
https://doi.org/10.1016/j.psj.2021.101487
https://doi.org/10.1017/S1751731117003603
https://doi.org/10.1017/S1751731117003603
https://doi.org/10.3390/ani10010081
https://doi.org/10.5713/ajas.2000.986
https://doi.org/10.5713/ajas.2000.986
https://doi.org/10.1007/978-3-642-36605-5_28
http://dx.doi.org/10.1590/1806

	_GoBack

