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ABSTRACT Two studies were conducted to estab-
lish carinata meal as a partial replacement of conven-
tional protein sources. Study I was conducted to
determine the nutrient profile, nitrogen-corrected true
metabolizable energy (TMEn), and amino acid (AA)
digestibility of 2 groups: low glucosinolate carinata
meal (LGCM) and high glucosinolate carinata meal
(HGCM) using rooster assays. The LGCM contained
28 mmol/g glucosinolate, 11.5% moisture, 39.2%
crude protein (CP), whereas the HGCM had 100
mmol/g glucosinolate, 10.1% moisture, 39.5% CP on
as is basis. The precision-fed rooster assays were con-
ducted to determine TMEn and AA digestibility. The
TMEn levels of LGCM and HGCM were 1,814 and
1,690 kcal/kg on as is basis, respectively. Standard-
ized digestibility for lysine, methionine, cysteine,
threonine, and valine were 72, 88, 69, 75, and 79%
for LGCM and 80, 89, 71, 76, and 80% for HGCM,
respectively. Based on the nutrient profiles from
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study I, study II was conducted to evaluate the
effects of LGCM and HGCM in broilers. A total of
504 one-day-old Cobb500 male broiler chickens were
randomly divided into 42 battery cages with 6 repli-
cates of 12 birds per cage. The seven dietary treat-
ments were control diet, 3 inclusion levels of LGCM
(4, 8, and 12%), and 3 of HGCM (4, 8, and12%) in a
corn-SBM based diet fed for 21 d. No significant dif-
ferences in BW, BWG, and FI were observed except
for significantly lower BWG in 12% HGCM group
compared to control for 14-21 days (P < 0.05). The
FCR for 12% HGCM increased significantly com-
pared to 4 and 8% of both LGCM and HGCM groups
during wk 3 (14−21 d). Based on these studies, cari-
nata meal could be recommended to partially replace
conventional feed ingredients at a rate of 12% when
LGCM is used and 8% when HGCM is used with no
deleterious effects on growth performance, gut histol-
ogy, and tight junction proteins.
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INTRODUCTION

Poultry is one of the largest agricultural sectors in the
world, and poultry meat represents a major source of
animal protein for most countries (Kearney, 2010). Feed
alone contributes for around 70% of the total expendi-
tures in poultry production (Ravindran, 2013), with
corn, wheat, and soybean meal (SBM) being the most
widely used conventional feedstuffs in chicken diets.
However, price and supply of these energy/protein sour-
ces have fluctuated substantially in the last decade
(Yadav and Jha, 2021). Global market availability and
competition among food, feed, and fuel for conventional
feedstuffs make necessary to explore and evaluate
alternatives for chicken diets (Yadav et al., 2019).
Alternative feedstuffs such as cassava, macadamia nut
cake, wheat millrun, taro, distiller’s dried grains with
solubles (DDGS), palm kernel meal, and oilseed cakes,
although quite variable in their nutrient profiles, are
able to reduce feed cost, enhance intestinal health, and
improve carcass quality of chicken (Yadav, 2017;
Vaddu et al., 2021). In addition, alternative feedstuffs
can bridge the gap between supply and demand of the
conventional feed stuffs in poultry production. These
alternative feedstuffs used in animal feed also help to
mitigate feed scarcity and decrease the environmental
problem as millions of tons of byproducts/co-products
can be converted into valuable animal feed.
Brassica carinata, also known as Ethiopian mustard,

is an oilseed crop grown for jet biofuel (Hagos et al.,
2020). The co-product produced after extraction of oil is
Brassica carinata meal (BCM), which is of increasing
interest to animal nutritionists. The use of agriculture
co-product from B. carinata as an animal feed ingredient
has become increasingly important in achieving cost-
effective animal production (Ban et al., 2018;
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Hong et al., 2019; Schulmeister et al., 2019). Brassica
carinata is non-GMO and produced sustainably in
Ethiopia, Canada, South America, and North America
(Xin and Yu, 2013). Production and price of BCM
largely depend on the demand of its oil by the jet plane
and aviation industry. It is suitable to grow as a rotation
crop along with another main crop. It can be grown in
clay- and sandy-type soils in semiarid temperate climate
and is also resistant and self-adapting to cold, water
stresses, and diseases (Cardone et al., 2003). Hence,
semiarid climate regions, in particular the southern prai-
ries of Canada and the Northern plains of the United
States, are more suitable for this crop (Xin and
Yu, 2013). For biofuel purpose carinata is produced and
processed in huge quantity in United States and Canada
which ultimately resulted in increased amount of cari-
nata co-products such as carinata meal (Xin and
Yu, 2013; Hong et al., 2019). The meal of Brassica cari-
nata is high in protein and is obtained after the hexane-
solvent oil extraction method for animal feeding.

Previous studies have reported that inclusion of feed-
stuffs high in glucosinolates, such as BCM or rapeseed
cake (RSC), can have negative impacts on both animal
health as well as overall animal production (Tadelle et al.,
2003). Glucosinolates are anti-nutrient factors which have
been demonstrated to cause feed intake reduction, iodine
deficiency, and hypertrophy of organs such as liver, kidney,
and thyroid gland (Tripathi and Mishra, 2007). Glucosino-
late metabolites, such as thiocyanates, thiourea and oxazo-
lidithione, have been shown to disrupt iodine availability
to thyroid and thus can affect thyroid function
(Wallig et al., 2002). The reduced feed intake of glucosino-
late-rich food/feed is due to the presence of sinigrin and
pro-goitrin which are associated with pungent odor and
bitter taste (Fenwick et al., 1983). Severe adverse effects
have been reported in laying hens compared to broilers
(Fenwick, 1982), and a high-glucosinolate rapeseed meal
diet (132.83 mmol/g) in laying hens caused lower egg
weight, nutrient digestibility, intestinal absorptive area,
and egg internal quality compared to those fed low glucosi-
nolate rapeseed meal (22.67 mmol/g) (Zhu et al., 2019).
This might be due to a longer rearing period of laying hens
compared to the broilers along with feeding cultivars with
varying level of glucosinolate and erucic acid. Previous
chicken studies with Brassica products have recommended
inclusion levels ranging from 5 to 25%, largely because of
variable nutrient profiles and different glucosinolate levels
present in different Brassica products (Oryschak et al.,
2020). Ashnie et al. (2015) found that including 7.5 to 15%
of B. carinata during starter and finisher phase, respec-
tively does not influenced growth performance of broiler
chicks. However, various processing techniques have been
developed to reduce the glucosinolates in feed and effi-
ciently utilize the feed inclusion levels as has been demon-
strated with canola meal, also known as double-zero or
double-low (Tripathi and Mishra, 2007).

Despite the inherent disadvantages of high glucosino-
late carinata meal, its availability is increasing, with a
strong potential as a protein substitute in poultry feed-
stuffs. Subsequently, glucosinolate metabolites such as
isothiocyanates are biologically active and have many
beneficial roles. Some of the reported roles of isothiocya-
nates include regulatory functions in inflammation,
stress response, metabolism, antioxidant activities, and
broad-spectrum antimicrobial property (Bischoff, 2019).
Overall, however, there is limited information to support
the nutritional values of BCM as a feed ingredient for
poultry, nor is there substantial literature evaluating
the optimum inclusion level and effects of BCM on
growth performance of chicken.
In an effort to better establish BCM as a viable alterna-

tive feed ingredient, we sought to evaluate the growth per-
formance, digestibility, and gut health parameters of birds
in response to carinata meal. For this, 2 studies were con-
ducted with low glucosinolate carinata meal (LGCM)
and high glucosinolate carinata meal (HGCM). We
hypothesized that the nutrient profile and digestibility of
LGCM and HGCM are comparable to other protein sour-
ces including soybean meal and canola meal. As such, the
objective of the first study was to determine the nutrient
profile, nitrogen corrected true metabolizable energy
(TMEn) and amino acid (AA) digestibility of LGCM
and HGCM. Upon completion of the first study, we
hypothesized that LGCM and HGCM could partially
replace soybean meal in chicken diets without negatively
impacting growth. Thus, the objective of the second study
was to evaluate the effects of dietary inclusion of LGCM
and HGCM at different levels on the growth performance
and gut health parameters of broiler chicken. Together,
these studies provide an important step toward utilization
of BCM as a viable alternative feedstuff.
MATERIALS AND METHODS

Two independent studies for digestibility and growth
performance were carried out at the poultry research
facility at the University of Georgia. Both studies were
conducted after approval by the Institutional Animal
Care and Use Committee (IACUC) of the University of
Georgia.
Preparation of Carinata Meal

Two types of carinata meal containing low glucosino-
late (28 mmol/g) and high glucosinolate (100 mmol/g)
were obtained from Agrisoma Biosciences, Inc., Gatli-
neau, Quebec. Each of the feed ingredients was later
ground and sieved through 3/16- inch mesh. The proxi-
mate nutrient profile was determined for both type of
carinata meal (Table 1) before conducting studies.
Study I was conducted to determine the TMEn and AA
digestibility. Based on the profile of nutrients from study
I, study II treatment diets were formulated to include
LGCM and HGCM at varying labels (Table 2).
Bird Husbandry

Study I For this study, precision-fed conventional roos-
ters and caecectomized roosters were used for TMEn and
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AA digestibility, respectively. A total of 40 Single Comb
White Leghorn roosters were individually kept in wire
cages where 20 conventional roosters were used for
TMEn and 20 caecectomized roosters were used for AA
digestibility (Parsons, 1985). Among those 20 birds in
each group, 10 birds were fed HGCM, and remaining 10
birds were fed LGCM. All the roosters were fasted for 30
h before transfer to individual wire cage. The roosters
were precision-fed 35 g of either 100% HGCM or LGCM
feed ingredient (35 g/rooster). Total excreta samples
were collected post feeding for 48 h from individual trays
that were kept underneath each bird cage. The LGCM
and HGCM feed ingredients and excreta samples were
dried, weighed, and analyzed for moisture, crude pro-
tein, and gross energy as performed by Jones et al.
(2018) and Wang et al. (2021). The final TMEn and AA
digestibility (Table 3) were obtained from average of 10
bird’s samples for each LGCM and HGCM.
Study II A total of 504 one-day-old male chicks
(Cobb500) were obtained from a Cobb hatchery and
were randomly divided into 7 treatment groups with 6
replicates of 12 birds each in battery cages in a
completely randomized design. Diet 1 was a corn-SBM
based control diet without BCM (Table 2). In diets 2 to
4, LGCM was included at levels of 4, 8, and 12%, and in
diets 5 to 7, HGCM was included at levels of 4, 8, and
12% in the diets at the expense of soybean meal, a com-
mon source of protein in the poultry diet. The birds had
ad libitum access to feed and water and were fed the test
diets in mash form for 21 d to meet or exceed the nutri-
ent requirement of Cobb broilers. The birds were kept in
controlled environment as per recommendation of Cobb
Broiler Management Guide (Cobb, 2018a,b).
Sample Analysis

Study I The moisture content, proximate analysis, and
total mineral analysis of the diet and feces were per-
formed by Agricultural and Environmental Services
Laboratories at University of Georgia following stan-
dard procedures of AOAC (AOAC, 2006) whereas, the
gross energy of feed and feces was obtained using bomb
calorimeter (IKA C1 Compact Bomb Calorimeter, IKA-
Werke, Staufen, Germany). The TMEn (kcal/kg) was
obtained by the difference in the gross energy of feed
and excreta along with consideration of nitrogen
(Latshaw and Freeland, 2008). The energy calculation
used for this study was as follows:

AME kcal=gð Þ ¼ A� Bð Þ=35

TME kcal=gð Þ ¼ A� Bþ Cð Þ=35

AMEn kcal=gð Þ ¼ A� B�Dð Þ=35;

TMEn kcal=gð Þ ¼ A� Bþ C�Dð Þ=35
where A is total energy in feed; B = total energy in
excreta; C = total excreta energy of fasted roosters;
D = 8.22 £ nitrogen balance (g); and 35 used in calcula-
tion is the amount of test feed fed to each rooster.
Both ingredients (LGCM and HGCM) AAs were mea-

sured, and later AAs present in excreta samples of cae-
cectomized roosters were also quantified to calculate
average digestibility of AAs present in both HGCM and
LGCM (Latshaw and Freeland, 2008; Jones et al., 2018;
Wang et al., 2021).
Study II All 7 feed groups were formulated to be isocalo-
ric and isonitrogenous. The diet formulation and their
calculated nutrient profiles are shown in Table 2.
Growth Performance

Feed was offered to birds on an as needed basis to each
cage and recorded. Any leftover feed in the feeder were
weighed back and recorded weekly. The data generated
were used to calculate weekly body weight (BW), body
weight gain (BWG), feed intake (FI), and feed conver-
sion rate (FCR) as shown in Table 4.
Histomorphology

At the end of feeding trial (d 21), duodenum, jejunum,
and ileum tissues were collected from one bird randomly
selected from each cage for morphometric analyses by
the method described by Yadav et al. (2019). In brief, 1-
cm long sections from the center of duodenum loop, jeju-
num, and ileum were excised and flushed with phosphate
buffer saline (PBS) to clear any fecal remains. The sam-
ples were quickly fixed in 10% neutral-buffered formalin.
Fixed samples were further dehydrated, cleared, and
embedded in paraffin and sectioned at 6-mm thickness,
placed on glass slides, and stained by hematoxylin and
eosin. The slides were examined under a light microscope
(1.6X magnification for duodenum and jejunum, and 5X
for ileum) with a Leica DC500 camera (Leica Microsys-
tems Inc., Buffalo Groove, IL). Villus height (VH),
crypt depth (CD), and villus height to crypt depth ratio
(VH:CD) were determined using LAS v4.8 software
(Leica Microsystems Inc.) Table 5.
Real-Time PCR Analysis

The jejunum tissue samples were collected (1 bird/
cage), flushed with PBS and snap-frozen in liquid nitro-
gen and stored at �80oC until further analyses. Later,
RNA extraction was performed using QIAzol lysis
reagents (Qiagen, Valencia, CA) according to a manu-
facturer’s protocol. RNA was quantified, and purity was
evaluated using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, MA). The RNA was further
reverse-transcribed utilizing high-capacity cDNA syn-
thesis kits to make cDNA (Applied Biosystems, Foster
City, CA). Real-time PCR reaction was prepared with
SYBR Green Master mix and performed in a StepOne-
Plus thermocycler (Applied Biosystems). The target
genes expression was analyzed using 2 �DDCt method
(Teng et al., 2020). The target genes were tight junction
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protein genes such as Claudin 1, Claudin 2, junctional
adhesion molecule 2 (JAM2 set 1), Occludin, Zonula
Occludens-1 (ZO-1), and Zonula Occludens-2 (ZO-2)
(Castro et al., 2020) (Table 6). Here, gene expression
data were normalized to housekeeping genes with stable
expression across treatments (Table 7). The glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and Beta-
actin were used as reference housekeeping genes.
Statistical Analysis

All the data were analyzed by ANOVA using the
PROC GLM program of SAS software (SAS 9.4, SAS
Institute Inc., 2013). To estimate the effects of increas-
ing levels of LGCM and HGCM on growth performance,
histomorphology, and gene expression parameters, the
linear and quadratic orthogonal polynomial contrasts
were used. Significant differences among treatments and
their multiple comparisons were assessed by Tukey’s
test. A significance level of P less than or equal to 0.05
was used to declare differences.
RESULTS AND DISCUSSION

Study I

Nutrient Profile and Digestibility Carinata meal used
in this study had approximately 39% crude protein,
which was comparable to canola meal (36%), and 28
and 100 mmol/g glucosinolate in LGCM and HGCM,
respectively (Table 1). Although canola meal initially
had higher glucosinolate content and its use was limited,
later on genetic selection of plants against glucosinolate
Table 1. Analyzed proximate composition, gross energy and
nitrogen corrected true metabolizable energy (TMEn) (% of as-is
basis, unless otherwise indicated) of low glucosinolate carinata
meal (LGCM) and high glucosinolate carinata meal (HGCM)
used in study I to perform rooster essay.

Nutrient, % LGCM (as is basis) HGCM (as is basis)

Moisture 11.5 10.1
Gross energy, kcal/kg 4,097.57 4,274.93
TMEn

1, kcal/kg 1,814 1,690
Crude protein 39.2 39.5
Crude fiber 7.9 8
Total fat 1.1 1.32
Ash 7.41 6.96
Glucosinolates2 (mmol/g) 28 100
Phosphorus 1.16 1.11
Potassium 1.58 1.71
Calcium 0.43 0.37
Magnesium 0.59 0.63
Sulfur 0.21 0.26
Manganese, mg/kg 50 43
Iron, mg/kg 121 142
Aluminum, ppm 56 22
Copper, ppm <5 <5
Zinc, ppm 69 63
Sodium, ppm 302 94
Calcium: Phosphorus ratio 0.37 0.33

1Nitrogen corrected true metabolizable energy (TMEn) of low glucosi-
nolate carinata meal (LGCM) and high glucosinolate carinata meal
(HGCM).

2LGCM and HGCM were sourced, and glucosinolates values obtained
from Schulmeister et al. (2019).
as well as updated and improved extraction methods
made it possible to intensively use canola meal as a feed
ingredient (USDA ERS, 2017). At present, the higher
glucosinolate in carinata meal could be utilized for bene-
ficial effects of glucosinolate or later the glucosinolate
levels could be reduced similar to that of canola meal to
ultimately establish as an alternative protein source.
Carinata meal was reported to contain approximately
48.2 to 53% CP by Paula et al. (2019), whereas values
reported by Rodriguez-Hernandez and Anderson (2018)
were similar to the CP value of the current study. Over-
all, it can be a good protein source in terms of quantity
of protein and quality of AAs and present with CP val-
ues in between SBM and canola meal. LGCM and
HGCM were low in crude fiber (7.9 and 8%) (Table 1) as
compared to canola meal (11.7%) and higher than SBM
(3.63%) (Guide, 2009; Ravindran et al., 2014). The total
fat in LGCM (1.1%) was lower than in HGCM (1.32%);
however, both carinata meals had lower fat contents
than canola meal (3.5%) and SBM (1.63%) (Guide,
2009; Ravindran et al., 2014). While many aspects of the
nutritional profiles between BCM and other protein
feedstuffs were similar, it is unsurprising that some vari-
ability would occur. Even within a single species, differ-
ences in environment, extraction method, and even
specific cultivars contribute to some degree of nutri-
tional variability (Woyengo et al., 2016; Ndou et al.,
2018).
The TMEn levels of LGCM and HGCM in chickens

were 1,814 kcal/kg and 1,690 kcal/kg in as is basis,
whereas in DM basis it was 2,046 and 1,878 kcal/kg
(Table 1), respectively. This is lower than canola meal,
which has TMEn of 2,070 kcal/kg on as is basis
(NRC, 1994). This lower value for carinata meal can be
attributed to the lower fat content (1.1% for LGCM and
1.32% for HGCM) in the carinata meal compared to
canola meal (3.5%). Although HGCM has slightly
higher fat content still lower TMEn which could be due
to differences in other nutrients, digestibility, and the
antinutritional factor between HGCM and LGCM. A
similar comparison was discussed in a study by
Ndou and Woyengo (2020) where cold-pressed canola
expellers have higher oil content compared to carinata
meal. From an AA standpoint, the present study clearly
showed that carinata meals contain comparable or
higher digestible AAs in both types of carinata meal
(Table 4) to canola meal containing digestibility values
of arginine (86%), methionine (79%), isoleucine (72%),
leucine (76%), threonine (69%), tryptophan (78%), and
tyrosine (58%) (Newkirk et al., 2003; Guide, 2009).
Ndou and Woyengo (2020) found similar results with
higher AA digestibility of carinata than that of canola
meal. A possible reason for better AA digestibility in
carinata meal may be attributed to the internal molecu-
lar structure (a-helix, b-sheets and their ratio) of the sec-
ondary protein structures, as previous studies have
shown that secondary protein structure influences pro-
tein quality, availability, and digestibility (Ban et al.,
2017). Specifically, the authors suggested that an
increase in b-sheets, of which carinata meal has a lower
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proportion when compared to canola meal, is associated
with decreased digestibility (Ban et al., 2017). An addi-
tional contributing factor for increased digestibility of
AAs in carinata meal may be due to higher proportion
of soluble proteins out of total proteins in comparison to
canola meal, as solubility of AA and digestibility are
directly proportional (Ban, 2016). Together, these
results suggest that carinata meal is a suitable protein
source for poultry but would necessitate determining
proper supplementation or substitution levels prior to
implementation.
Study II

Growth Performance For this 3-wk study, the birds
were fed with three levels of LGCM (4, 8, and 12%) and
3 levels of HGCM (4, 8, and 12%) to compare the growth
performance of birds fed control diet based on SBM as a
protein source. The growth performance of birds in first
2 wk showed that there was no significant difference in
the BW, BWG, FI, and FCR (Table 5). During wk 3,
the BWG decreased significantly for 12% HGCM
(Plin = 0.015) along with linear decrease in feed intake
Table 2. Ingredients and calculated nutrient compositions of the t
(LGCM) and high glucosinolate carinata meal (HGCM) for study II us

Ingredient, % Control 4% LGCM 8% LGCM

Corn, grain 60.01 57.35 54.71
Soybean meal (48%) 34.15 31.44 29.44
Soybean oil 1.53 2.95 3.71
LGCM 0 4 8
HGCM 0 0 0
L-Threonine 0.07 0.07 0.05
Limestone 1.17 1.19 1.21
Dicalcium phosphate 1.58 1.51 1.43
Common salt 0.35 0.35 0.35
Premix1 0.33 0.33 0.33
DL-Methionine 0.29 0.27 0.23
L-Lysine HCl 0.22 0.25 0.25
Sand 0.30 0.30 0.30
Total 100 100 100
Calculated nutrient, %
Dry matter 86.36 86.50 86.60
M.E.2, kcal/kg 3,010 3,050 3,050
Crude fiber 2.17 2.35 2.56
Available phosphorus 0.45 0.45 0.45
L-Lysine HCl 1.32 1.32 1.32
DL-Methionine 0.63 0.61 0.59
TSAA3 0.98 0.98 0.98
L-Threonine 0.86 0.86 0.86
Analyzed nutrient, %
Crude protein 20.6 20.5 20.0
Calcium 1.27 1.11 1.05
Total phosphorus 0.68 0.70 0.64
Calcium: phosphorus 1.86 1.59 1.63
Iron, ppm 292 248 224
Zinc, ppm 178 134 131

1Premix provided the following (per kg of diet): vitamin A (trans-retinyl ace
tocopherol-acetate), 30 mg; vitamin B1, 2 mg; vitamin B2, 8mg; vitaminB6, 4m
dione complex), 3 mg; choline (choline chloride), 250 mg; nicotinic acid, 60 m
butane anhydrous, 80 mg; D-biotin, 0.15 mg; zinc (ZnO), 80 mg; manganese (
(KI), 2 mg; selenium (Na2SeO3), 0.2 mg.

2M.E., metabolizable energy.
3TSAA, total sulfur amino acids.
(Plin = 0.051), leading to significant increase in FCR for
the same treatment (Plin = 0.056; Pquad = 0.004). Also,
there was significant difference in BWG between LGCM
and HGCM during third week of age (P = 0.05) whereas
average FI tends to be decreasing for HGCM during
same period when compared to LGCM (P = 0.085).
Within the LGCM group during 14 to 21 d rearing
period, there was decrease in BWG (Pquad = 0.036)
whereas tends to increase in FCR (Pquad = 0.084). No
differences were found between control vs. LGCM and
control versus HGCM groups for growth parameters
throughout the study (P > 0.05). Thus, birds fed differ-
ent levels of low and high glucosinolate carinata meal
grew and gained similar body weight to birds fed corn-
SBM based control diets. When compared to the control
group, FCR for 4% BCM (includes both LGCM and
HGCM) was the lowest among all treatments. Together,
this result suggests that LGCM can be supplemented in
broiler diets up to 12%, whereas HGCM can be added
up to 8% without any retardation in growth or feed con-
version.
Few oilseeds from the Brassica genus such as

rapeseed/canola meal have been previously reported
as potential protein alternatives to traditional SBM
reatment diets including basal, low glucosinolate carinata meal
ing broiler chicken.

12% LGCM 4% HGCM 8% HGCM 12% HGCM

52.80 57.75 55.20 52.55
27.56 31.11 28.81 27.62
3.69 2.86 3.81 3.87
12 0 0 0
0 4 8 12
0.02 0.08 0.06 0.02
1.23 1.19 1.20 1.22
1.34 1.53 1.46 1.38
0.30 0.35 0.35 0.33
0.33 0.33 0.33 0.33
0.19 0.26 0.23 0.18
0.24 0.25 0.25 0.21
0.30 0.30 0.30 0.30

100 100 100 100

86.66 86.52 86.68 86.82
3,010 3,040 3,050 3,000

2.78 2.35 2.55 2.79
0.45 0.45 0.45 0.45
1.32 1.32 1.32 1.32
0.56 0.61 0.58 0.55
0.98 0.98 0.98 0.98
0.86 0.86 0.86 0.86

20.8 19.6 20.1 21.1
1.10 1.20 1.25 1.22
0.65 0.64 0.68 0.70
1.69 1.86 1.84 1.74

244 234 237 279
138 131 128 146

tate), 10,000 IU; vitamin D3 (cholecalciferol), 3,000 IU; vitamin E (all-rac-
g; vitaminB12 (cyanocobalamin), 0.025 mg; vitamin K3 (bisulphatemena-
g; pantothenic acid (D-calcium pantothenate), 15 mg; folic acid, 1.5 mg;
MnO), 70 mg iron (FeCO3), 60 mg; copper (CuSO4�5H2O), 8 mg; iodine



Table 3. Calculated amino acid (AA) content and its digestibility (%, as is basis) of low glucosinolate carinata meal (LGCM) and high
glucosinolate carinata meal (HGCM) using rooster essay in study I.

Amino acid LGCM, AA (%) LGCM, AA digestibility (%) HGCM, AA (%) HGCM, AA digestibility (%)

Alanine 1.61 79.17 1.63 81.16
Arginine 2.51 92.27 2.74 92.80
Aspartic acid 2.44 76.54 2.46 79.36
Cysteine 1.05 69.34 1.15 70.68
Glutamic acid 6.69 87.11 7.02 88.52
Glycine 1.87 32.22 1.86 19.02
Histidine 0.99 85.72 0.99 85.88
Isoleucine 1.53 82.66 1.53 83.82
Leucine 2.57 85.22 2.60 86.25
Lysine 1.64 72.41 1.86 79.52
Methionine 0.72 87.84 0.75 89.29
Phenylalanine 1.45 87.46 1.51 88.45
Proline 2.22 77.49 2.35 79.72
Serine 1.35 75.56 1.39 76.67
Threonine 1.51 74.94 1.50 75.51
Tryptophan 0.44 92.66 0.50 93.04
Tyrosine 0.90 80.70 0.92 81.07
Valine 1.83 78.58 1.87 80.04

W/W% = grams per 100 grams of sample. Results are expressed on an “as is” basis unless otherwise indicated.

Table 4. Effects of the low glucosinolate carinata meal (LGCM) and high glucosinolate carinata meal (HGCM) on the growth perfor-
mance of the broiler chickens used in study II.

BW1, g BWG2, g FI3, g FCR4

Items D 0 D 0−7 D 7−14 D 14−21 D 0−7 D 7−14 D 14−21 D 0−7 D 7−14 D 14−21 D 0−7 D 7−14 D 14−21

Control 46 157 411 619 111 254 209 131 347 425 1.17 1.37 2.04
4% LGCM 46 145 381 614 99 235 234 116 319 437 1.16 1.36 1.88
8% LGCM 46 161 402 628 114 242 226 127 332 426 1.11 1.39 1.9
12% LGCM 46 156 404 605 110 249 201 126 334 406 1.15 1.35 2.03
4% HGCM 46 153 404 632 107 251 228 128 331 424 1.2 1.33 1.88
8% HGCM 46 156 392 598 110 235 206 126 325 391 1.14 1.39 1.91
12% HGCM 46 152 385 556 106 233 171 125 317 386 1.17 1.36 2.27
SEM . 1.635 4.746 7.522 1.633 4.218 5.25 1.856 4.877 6.264 0.009 0.009 0.036

P-value
LGCM linear . 0.597 0.980 0.754 0.605 0.881 0.579 0.948 0.691 0.371 0.318 0.733 0.980
LGCM quadratic . 0.421 0.240 0.623 0.408 0.295 0.036 0.181 0.293 0.312 0.310 0.574 0.084
HGCM linear . 0.561 0.155 0.014 0.561 0.167 0.015 0.430 0.144 0.051 0.704 0.647 0.056
HGCM quadratic . 0.959 0.982 0.158 0.959 0.989 0.024 0.817 0.807 0.882 0.884 0.751 0.004
Control vs. LGCM . 0.514 0.356 0.896 0.506 0.425 0.397 0.233 0.286 0.944 0.331 0.945 0.319
Control vs. HGCM . 0.517 0.297 0.305 0.518 0.349 0.630 0.473 0.199 0.224 0.991 0.844 0.855
LGCM vs. HGCM . 1.000 0.842 0.175 0.984 0.823 0.050 0.468 0.723 0.085 0.143 0.846 0.222

1BW: Body weight represents the average weight of all the birds per cage.
2BWG: Body weight gain represents average weight gain during particular period of 0−7, 7−14, or 14−21 days of age.
3FI: Feed intake is the average of feed consumed by birds per cage.
4FCR: Feed conversion rate is the ratio of average feed to average gain for particular cage.
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diets. A study used RSC and considered it as B. car-
inata although it is not same but closely related to
carinata meal coming from same genus with different
species (Tadelle et al., 2003). In this trial, the
authors performed a 7-wk feeding regimen with
chicks of the Hubbard genotype, and RSC was
included at levels of 0, 7, 14, 21, 28, and 35% in
broiler rations as a protein source. Results of this
study suggested that the high levels of RSC in diet
formulation may predispose birds towards colloid
goiter, however, it was also determined that up to
28% RSC inclusion yielded the greatest economic
benefits. This higher level of inclusion in
Tadelle et al. (2003) could be due to lower glucosi-
nolate content in RSC (12−20 mmol/g) compared to
carinata meal used in the present study (LGCM has
28 mmol/g and 100 mmol/g glucosinolate in
HGCM). Another study suggested that rapeseed
meal can replace 25% of SBM without any signifi-
cant negative impact on the growth performance
and is more economically profitable compared to
using SBM as a sole protein source (Urge and Ash-
nie, 2012). In the present study, LGCM successfully
replaced SBM by 19% (calculated from Table 2; %
replacement of 12% LGCM to SBM), whereas
HGCM can only replace SBM up to 15% (at inclu-
sion level of 8% HGCM) and higher inclusion caused
a significant increase in FCR. Prior studies by
Schloffel et al. (1993) and Thomas et al. (1983) con-
cluded that inclusion of high glucosinolate rapeseed



Table 5. Histomorphological measurements (mm) of duodenum, jejunum, and ileum tissues from broiler fed low glucosinolate carinata
meal (LGCM) and high glucosinolate carinata meal (HGCM) in study II.

Duodenum Jejunum Ileum

Items VH1 CD2 VH:CD3 VH CD VH:CD VH CD VH:CD

Control 1,736 219 7.99 941 158 5.98 599 114 5.34
4% LGCM 2,017 223 9.4 1,108 167 6.62 817 131 6.26
8% LGCM 1,942 256 7.87 897 171 5.36 876 154 5.98
12% LGCM 1,921 208 9.63 1,092 175 6.56 729 129 5.89
4% HGCM 1,905 221 8.67 798 185 4.34 732 132 5.54
8% HGCM 1,793 230 7.89 1,002 154 6.66 628 122 5.28
12% HGCM 1,860 221 8.51 880 145 6.14 602 100 5.98
SEM 40.067 5.931 0.262 40.01 6.731 0.249 30.906 6.029 0.179

P-values
LGCM linear 0.350 0.996 0.303 0.596 0.507 0.860 0.204 0.355 0.567
LGCM quadratic 0.174 0.122 0.804 0.898 0.914 0.655 0.019 0.187 0.308
HGCM linear 0.614 0.833 0.806 0.961 0.413 0.335 0.790 0.489 0.484
HGCM quadratic 0.657 0.746 0.965 0.926 0.362 0.393 0.305 0.217 0.624
Control vs LGCM 0.106 0.621 0.249 0.457 0.566 0.784 0.026 0.211 0.249
Control vs HGCM 0.398 0.805 0.663 0.708 0.890 0.719 0.541 0.817 0.674
LGCM vs HGCM 0.233 0.711 0.280 0.121 0.541 0.371 0.017 0.135 0.280

1VH, villus height.
2CD, crypt depth.
3VH:CD, villus height to crypt depth ratio. Here, VH and CD were measured in mm.
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ranging from 5 to 10% was possible. Our recommen-
dation of 8% inclusion of HGCM is in agreement
with these findings. In a thesis report by
Mendes (2018), different levels carinata were fed to
marketable size pigs and concluded that carinata
can replace SBM by as much as 50%. This discrep-
ancy in potential inclusions may simply reflect differ-
ent species’ susceptibility to the negative effects of
glucosinolates, with young birds being more suscep-
tible than pigs.
Gut Histomorphology Tissues samples from duode-
num, jejunum, and ileum were collected and histological
slides were prepared to measure the villus height, crypt
depth, and their ratios. The villus height indicated the
absorptive capacity of the gut mucosa (Yadav et al.,
2019), and because all the birds in the current study
grew well, it was expected that all treatments would
have similar villus height and crypt depth. There were
no significant differences between treatments for villus
height, crypt depth, or their ratio at duodenum, and
jejunum levels (P > 0.05). Whereas ileum VH within dif-
ferent levels of LGCM was different (Pquad = 0.019)
with highest for 8% LGCM. LGCM group ileum VH was
also significantly increased compared to control group
(P = 0.026) and compared to HGCM group (P = 0.017)
as presented in Table 6. The result of the present study
was similar to a study by Chiang et al. (2010), which
also found no differences in the histology parameters
among birds fed solid-state fermented rapeseed meal.
The present study showed that the highest inclusion of
HGCM (12%) had numerically decreased crypt depth.
This result is somewhat related to findings by
Figueiredo et al. (2003), where increase in the level of
canola meal caused linear decrease in crypt depth. Over-
all, no negative differences were observed for histological
parameters when SBM was replaced at different levels
with BCM.
Gene Expression The gene expression of tight junc-
tion proteins was evaluated in the jejunum part of the
small intestine. These proteins play an important role in
controlling intestinal permeability and maintaining gut
health barrier in such way that solutes and ions can flow
intracellularly while the entry of pathogens and toxins
are blocked (Awad et al., 2017). Tight junction proteins
were of interest in this study, as glucosinolate metabo-
lites are known to cause anti-inflammatory function by
enhancing these junction proteins in the gut and pre-
venting the negative effect of glucosinolate
(Maina et al., 2020). The results in the present study
(Table 7) showed that there was no significant upregula-
tion or downregulation of tight junction protein genes
among the treatments (P > 0.05) except for Zonula
Occludin-1 which tends to be significant for different lev-
els of LGCM (Pquad = 0.071).
In conclusion, the results of the current study suggest

that carinata meal has high potential to be included in
poultry diet due to higher AA digestibility and TMEn
comparable to existing protein sources. Carinata meal
with low glucosinolate and high glucosinolate can suc-
cessfully replace 19 and 15% of soybean meal, respec-
tively. Incorporating carinata meal either with high or
low glucosinolate can be beneficial in terms of broiler
production as partial substitution of SBM can be incor-
porated in areas where carinata is produced and SBM is
expensive or not available. Except for 12% HGCM treat-
ment group, all other groups had similar growth perfor-
mance, gut histomorphology development, and
regulations of tight junction proteins. Thus, based on
these data, 12% LGCM can be included in diet of broiler
chicken, and 8% of HGCM could be included without
any negative impact on the broiler chickens. Further
processing of HGCM either to decrease the glucosinolate
or utilize the beneficial role of glucosinolate can be inves-
tigated.



Table 6. Primers used for quantitative reverse-transcriptase polymerase chain reaction (RT-qPCR) analysis for study II using broiler’s
samples.

Gene1 Gene bank identification Primer sequence, sense/antisense

Housekeeping genes
GAPDH NM_204305.1 GCTAAGGCTGTGGGGAAAGT/

TCAGCAGCAGCCTTCACTAC
Beta-actin NM_205518.1 CAACACAGTGCTGTCTGGTGGTA/

ATCGTACTCCTGCTTGCTGATCC
Tight junction protein genes

Cla-1 NM_001013611.2 TGGAGGATGACCAGGTGAAGA/
CGAGCCACTCTGTTGCCATA

Cla-2 NM_001277622.1 CCTGCTCACCCTCATTGGAG/
GCTGAACTCACTCTTGGGCT

ZO-1 XM_015278981.2 CAACTGGTGTGGGTTTCTGAA/
TCACTACCAGGAGCTGAGAGGTAA

ZO-2 XM_025144669.1 ATCCAAGAAGGCACCTCAGC/
CATCCTCCCGAACAATGC

Ocln XM_026041453.1 ACGGCAGCACCTACCTCAA/
GGCGAAGAAGCAGATGAG

JAM2 XM_025149444.1 AGCCTCAAATGGGATTGGATT/
CATCAACTTGCATTCGCTTCA

1Abbreviations: Cla-1, Claudin-1; Cla-2, Claudin-2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Ocln, Occludin; JAM2, junctional adhesion
molecule 2; ZO-1, Zonula Occludens-1; ZO-2, Zonula Occludens-2.

Table 7. Relative mRNA expression of genes related to tight junction proteins in jejunum of broiler chickens fed low glucosinolate cari-
nata meal (LGCM) and high glucosinolate carinata meal (HGCM) from study II.

Items/genes1 Cla-1 Cla-2 JAM-2 Ocln ZO-1 ZO-2

Control 1 1 1 1 1 1
4% LGCM 0.93 0.88 0.98 0.97 0.89 1.05
8% LGCM 0.83 0.63 0.93 1.02 0.91 0.96
12% LGCM 1.14 0.73 0.96 1.21 1.13 1.04
4% HGCM 1 0.83 0.79 1.16 0.86 0.94
8% HGCM 0.88 0.78 0.82 1.11 0.91 0.97
12% HGCM 1.41 0.71 0.98 1.12 1.05 1.16
SEM 0.085 0.057 0.049 0.034 0.033 0.029

P-values
LGCM linear 0.773 0.158 0.794 0.103 0.313 0.889
LGCM quadratic 0.416 0.479 0.824 0.230 0.071 0.859
HGCM linear 0.315 0.221 0.974 0.472 0.611 0.170
HGCM quadratic 0.279 0.763 0.211 0.418 0.120 0.135
Control vs LGCM 0.898 0.198 0.793 0.539 0.819 0.817
Control vs HGCM 0.741 0.260 0.439 0.257 0.577 0.794
LGCM vs HGCM 0.487 0.812 0.434 0.416 0.613 0.962

1Genes: Cla-1: Claudin-1, Cla-2: Claudin-2, JAM2: junctional adhesion molecule-2, Ocln: Occludin, ZO-1: Zonula Occludens-1, ZO-2: Zonula Occlu-
dens-2.
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