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Abstract

The present study was conducted to show that dietary supplementation with a fungus, Aspergillus awamori, modifies muscle fatty acid
profiles in broiler chickens. A total of thirty chicks, selected from a group of 100 chicks aged 15d, were divided into a control group
and two treatment groups (ten birds per treatment). The control group was fed a basal diet, and the treatment groups were fed basal
diets supplemented with A. awamori at levels of 0-05 and 0-2%. From the start of the study at 15 d, the birds were raised for an additional
12d, and growth and the muscle fatty acid profile were evaluated. Although feed intake was decreased by the fungus, body-weight gain
and breast muscle weight were increased, and thus, feed efficiency was improved. Abdominal fat and plasma cholesterol and TAG were
decreased, while plasma HDL-cholesterol and breast muscle fat content were increased. Interestingly, muscle a-tocopherol content was
increased and muscle thiobarbituric acid-reactive substances were decreased by A. awamori. Furthermore, there was an observed decrease
in SFA and an increase in unsaturated fatty acids in the muscle fat due to the fungus feeding. The mRNA of fatty acid synthase, acetyl-CoA
carboxylase and A-6 desaturase in the muscle were all increased, while the mRNA of 3-hydroxyl-3-methylglutaryl-CoA reductase and car-
nitine palmitoyl transferase 1A were decreased by the fungus. In conclusion, the present study clearly shows that the muscle lipid profile
could be modified by the addition of A. awamori to the diet.
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PUFA play an important role in human nutrition because they
help to reduce the incidence of lifestyle diseases, such as cor-
onary artery disease, hypertension and diabetes, as well as
certain inflammatory diseases, including arthritis and dermati-
tis™”. PUFA reduce the risk of CVD by controlling blood lipid
levels and reducing platelet reactivity and aggregation‘®.
There are various means of increasing intakes of PUFA, and
one of these approaches is the enrichment or modification
of staple foods. Global intakes of poultry meat are high, and
poultry meat is amenable to the manipulation of its fatty
acid composition.

Aspergillus awamori, a variant of Aspergillus niger, is one
of the fungi called ‘Koji’ in Japan and has long been used
for processing foods such as Shochu, a traditional Japanese
liquor. The products containing A. niger are given GRAS
(Generally Recognized As Safe) status from the Food and

Drug Administration®. Koji is known to produce enzymes
such as amylase, protease, pectinase and lipase, and thus
enhances the digestion of carbohydrates,
lipids®. In an earlier study®, feeding A. awamori increased
digestibility and improved broiler performance. Koji also pro-
duces desaturase® that is required for the synthesis of unsatu-
rated fatty acids. Thus, it is expected that unsaturated fatty
acids will increase and SFA will decrease in dietary fat by A.
awamori feeding, which is due to its desaturase activity'®.
Based on the above expectation, we assumed that feeding
the broilers with A. awamori might have the same effect of
lipid modification in their muscles.

The present study was conducted to show whether
the muscle fatty acid profile could be modified by feeding
A. awamori in broiler chickens. This function of A. awamori
may contribute to the production of healthier meat.

proteins and

Abbreviations: ACC, acetyl-CoA carboxylase; CPT1A, carnitine palmitoyl transferase 1A; DODES, A-6 desaturase; FAS, fatty acid synthase; HMG-CoA,
3-hydroxyl-3-methylglutaryl-CoA; TBARS, thiobarbituric acid-reactive substances.
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Materials and methods

The animal experiment was conducted in accordance with the
guidelines of Kagoshima University.

A total of 100, 1-d-old, male broiler chicks (Chunky strain)
were supplied by a commercial hatchery (Kumiai Hina
Center, Kagoshima, Japan). The chicks were housed in an
electrically heated battery brooder and provided with water
and a commercial starter diet (23% crude protein and
12-:8MJ/kg; Nichiwa Sangyou Company) until 12d of age.
On day 12, thirty birds with similar body weight were selected
from a group of 100 birds and were housed individually in
wire-bottomed aluminium cages (49 X 39 X 59 cm). The birds
were preconditioned for 3d before the treatment and fed on
a basal diet. The experimental diets were formulated using
mainly ground vyellow maize and a soyabean meal, as
shown in Table 1. The chicks were divided into three
groups (ten in each group): a control group and A. awamori
groups with two levels of koji (0-05 and 0-2%). The levels of
A. awamori (0-01, 0-05 and 0-10 %) were previously examined
and observed to have similar effects on broiler performance.
Thus, in the present experiment, a higher level than that of
the previous experiment (0-2%) was chosen. Koji was mixed
into the basal diet. The number of A. awamori spores given
was about 25X 10° and 1 X 10(’/g feed for the diets of the
0-05 and 0-2% groups, respectively. The birds were given
the experimental diets from 15 to 27d of age. A. awamori
was cultivated using steamed rice at the Biogenkoji Research
Institute (Kirishima, Japan). The experiment was conducted
in a temperature-controlled room with a 14 h light—10h dark
cycle. Room temperature was kept at 25°C with a relative
humidity from 50 to 70 % throughout the experiment.

Table 1. Composition and nutrient analysis of the

basal diet
Ingredients %
Maize 50-19
Alfalfa meal 2.64
Soyabean meal 39-01
Maize oil 4-40
L-Lys HCI 0-01
DL-Met 0-18
Mineral mix* 3:31
Vitamin mixt 0-26
Calculated analysis
CP (%) 22-60
ME (MJ/kg) 12.89
Ca (%) 1.10
P (%) 0-46
Na (%) 0-26
Cl (%) 0-25

CP, crude protein; ME, metabolisable energy.

*The mineral premix supplied per kg feed: 154 mg Mn, 121 mg
Zn, 176 mg Fe, 33mg Cu, 1-1mg |, 0-7mg Se.

1 The vitamin premix supplied per kg feed: 3784 ug vitamin A,
0-066 p.g vitamin D, 110-11 pg vitamin E, 12mg vitamin By,
1.837mg retinol, 0-13mg cholecalciferol, 6-50mg riboflavin,
2-60mg thiamin hydrochloride, 1-30mg pyridoxamine hydro-
chloride, 0-03mg cyanocobalamin, 10-40mg D-pantothenic
acid, 26-00mg nicotinic acid, 1-05mg vitamin Kz, 0-52mg
pteroylglutamic acid, 0-78 mg choline chloride, 0-07 mg biotin,
2:54 g sucrose.

Sampling

Body weight was recorded every 3d, and feed intake was
recorded daily during the experimental period. At the end of
the experimental period, the birds were slaughtered and
then dissected to measure the weights of the breast muscle
(pectoral superficial muscle) and abdominal fat. Blood
samples were collected into heparinised test-tubes, quickly
centrifuged at 5900 g for 10min at 4°C to separate plasma,
and stored at —30°C until analysis.

Biochemical analysis

Blood and muscle. Total cholesterol levels, TAG, HDL- and
LDL-cholesterol in plasma were measured by an automated
Fuji DRY-CHEM 3500 (Fuji Medical Systems), according to the
manufacturer’s instructions. Concentration of muscle thiobarbi-
turic acid-reactive substances (TBARS) was measured by the
method of Ohkawa et al.””. The a-tocopherol concentration
of the muscle was determined by the Shimadzu HPLC model
LC6A with a Shim-Pack CLC-ODS column (6-0 X 150 mm)
according to the method described by Faustman et al.®.

RNA extraction and real-time PCR. Total RNA was
extracted from a piece of pectoral superficial muscle (about
100 mg) using an RNeasy™ Fibrous Tissue Mini Kit (Qiagen),
according to the manufacturer’s protocol. RNA concentration
and purity were determined spectrophotometrically using
A260 and A280 values in a photometer (BioPhotometer;
Eppendorf). The ratio of A260/A280 for all samples was
between 1-8 and 2:0. Complementary DNA was synthesised
at 800ng RNA/20ml of the reaction solution with the
PrimeScript® RT Reagent Kit (Perfect Real Time; Takara)
using the Program Temp Control System PC320 (Astec) with
the following protocol: reverse transcription at 37°C for
15 min; inactivation of RT at 85°C for 5s; refrigeration at 4°C
for 5min. Real-time PCR primers were prepared as described
by Nakashima et al.*'”. Gene expression was measured by
real-time PCR using the 7300 Real Time PCR system (Applied
Biosystems) with the SYBR® Premix Ex Taq™ (Perfect Real
Time; Takara). The thermal cycle was as follows: one cycle
at 95°C for 10s and sixty cycles at 95°C for 5s and at 60°C
for 31s. The expression of glyceraldehyde-3-phosphate dehy-
drogenase mRNA was used as an internal standard and was
not significantly different between the two experimental
groups. Results of gene expression are expressed as the
percentage of the control value.

Fatty acid analysis. Lipids were extracted from the breast
muscle (20g) with a mixture of chloroform and methanol
(2:1) in a separatory funnel. The funnel was shaken carefully
for 15min and left to stand for 4h to separate the organic
layer. The organic layer was collected, passed through a
glass funnel containing anhydrous sodium sulphate and evap-
orated to near dryness using a vacuum evaporator’”. Muscle
total fat content was measured using the method described by
Folch et al.'?. The extracted fat (100 mg) was put into a 10 ml
volumetric flask; 2:5ml of 05N methanolic NaOH were
added. The mixture was then heated on a steam bath until
the fat globules entered the solution, or about 5min. Then,
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4ml BF3/MeOH were added to the flask and the mixture was
boiled for 2min in a water-bath. After cooling, a saturated
NaCl solution was added to the mixture to reach a total
volume of 8 ml. The mixture was then transferred to a separ-
ation funnel and extracted with 6 ml petroleum diethyl ether.
The diethyl ether phase was then evaporated on a water-
bath at 60°C. The obtained methyl ester of the fatty acid
fraction was dissolved in 1ml hexane and used for fatty acid
analysis. Fatty acids were separated by GC-MS (Thermo
Fisher) on a capillary column (30m X 0-25mm in inner
diameter) DB-1 coated with a 0-25 pm film of dimethyl polysi-
loxane (J & W Scientific) using 1ul of the sample. The
temperature of the column was 150°C at the time of injection,
then programmed at 5°C/min to 250°C and maintained at that
temperature for 5min. Injection was performed with a split
ratio of 10:1. The flow rate was 1-0 ml/min, He gas was used
as a carrier and the injector temperature was 250°C. The MS
detection conditions were as follows: interface temperature,
230°C; electron ionisation mode, EI+; electron energy,
70eV; full-scan acquisition mode; mass range, 33—450a.m.u.
Fatty acids were identified by using authentic standards and
online NIST-library spectra.

Statistical analysis

The differences between the treatment groups and the control
group were analysed with a general linear model using SPSS
Statistics 17.0 (Statistical Packages for the Social Sciences,
released 23 August 2008). Tukey’s multiple comparison test
was used to identify which treatment conditions were
significantly different from each other at a significance level
of P<0-05.

Results

The effects of A. awamori on body-weight gain, feed intake,
feed conversion ratio and breast muscle weight are summar-
ised in Table 2. A. awamori increased body-weight gain
significantly (P<0:05) in the 0:05% group, but not in the
0-2% group. Feed intake and the feed conversion ratio were
significantly decreased (P<0-01) in the 0-:05% A. awamori

group, but not in the 0-2% group. Breast muscle (pectoral
superficial muscle) weight was significantly
(P<0:01) by the dietary supplementation of A. awamori
despite the levels.

Plasma TAG, total cholesterol, HDL- and LDL-cholesterol
concentrations are shown in Fig. 1(A)—(D), respectively.

increased

Plasma TAG, total cholesterol and LDL-cholesterol concen-
trations were significantly lower in the A. Awamori groups.
On the other hand, plasma HDL-cholesterol concentration
was increased by A. awamori.

The effects of A. awamori on abdominal fat, breast muscle fat,
a-tocopherol and TBARS are shown in Table 3. Abdominal fat
content was lower in both treatment groups. However, breast
muscle fat content was increased in the treatment groups com-
pared with the control group. Muscle a-tocopherol content was
higher and TBARS were lower in the treatment groups.

Fig. 2 shows the effect of A. awamori on the mRNA of fatty
acid synthase (FAS; Fig. 2(A)), acetyl-CoA carboxylase (ACC;
Fig. 2(B)), A-6 desaturase (D6DES; Fig. 2(C)), carnitine palmi-
toyl transferase 1A (CPT1A; Fig. 2(D)) and 3-hydroxyl-3-
methylglutaryl-CoA (HMG-CoA) reductase (Fig. 2(E)) in the
pectoral superficial muscle. The mRNA of FAS, ACC and
DODES were increased in the treatment groups but in the
0-2% group, the effects on ACC and D6DES were not statisti-
cally significant. On the other hand, mRNA of CPT1A and
HMG-CoA reductase were decreased by the fungus but the
effect on HMG-CoA reductase was not statistically significant
when the level was 0-2%.

Fig. 3 shows how the fungus affected the major fatty acid
profile of the skeletal muscle fat. Palmitic acid (Fig. 3(A))
was decreased in both A. awamori groups. Oleic acid
(Fig. 3(B)) was (P<0-05) significantly higher in the 0-:2% A.
awamori group, but not in the 0:05% group. Linoleic acid
(Fig. 3(C)) was significantly higher in both A. awamori
groups. Linolenic acid (Fig. 3(D)) showed higher values in
both A. awamori groups compared with the control group,
and a significant increase was observed in the group treated
with 0-05% A. awamori. Arachidonic acid (Fig. 3(E)) contents
were significantly higher in the group treated with 0-2%
A. awamori, but not in the 0-05% group.

Table 2. Effect of dietary supplementation of Aspergillus awamori on initial body weight (BW),
body-weight gain (BWG), feed intake (Fl), feed conversion ratio (FCR) and breast muscle weight

(BMW)
(Mean values with their standard errors)

A. awamori
Control 0-05% 0-2%

Mean SE Mean SE Mean SE
Initial BW (g) 399 9 399 9 399 9
BWG (g/12d) 691° 40 8082 15 704° 33
FI (g/12d) 11978 36 1057° 37 10982° 26
FCR 1.7 0-14 1.8 0-04 1.52° 0-05
BMW (g/100 g BW) 23.9° 11 28.82 04 27.3% 1

abMean values with unlike superscript letters were significantly different (P<0.05).
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Fig. 1. Effect of dietary Aspergillus awamori on plasma (A) TAG, (B) cholesterol, (C) HDL-cholesterol (HDL-C) and (D) LDL-cholesterol (LDL-C). Values are
means, with standard errors represented by vertical bars. 2°°Mean values with unlike letters were significantly different (P<0-05).

Discussion

The aim of the present study was to show that the muscle
fatty acid profile could be modified by A. awamori feeding.
Broiler performance was improved by A. awamori feeding
as reported previously™. Aspergillus could improve the nutri-
tional value of the soyabean meal because the trypsin inhibitor
contained in soyabean could be degraded by Aspergillus >
Birds do not produce enzymes such as cellulase and xylanase,
which are required for the digestion of soluble NSP. Because
Aspergillus produces these enzymes, it improves digestion,
resulting in an increase in the metabolic energy of
diets"”. Indeed, we have reported that a mixture of cellulase,
hemicellulase and pectinase improves digestion’”. These
may be the major reason for the more efficient feed utilisation
in Aspergillus feeding. The decrease in feed intake and an

improvement in feed conversion due to feeding Aspergillus
were in agreement with the results of our previous studies™®.
Yamamoto et al'® have noted that when broilers were
fed on diets containing 0-05 and 1% Koji-feed, carcass
weight was significantly increased, and breast muscle weight
was increased while abdominal fat was decreased. The
growth-promoting effect of Koji might be caused by a
growth promoter produced by A. awamori, as reported
by Kamizono et al.’”. Breast muscle weight was also signifi-
cantly increased by the fungus at the level of 0:05%
(P<0-05) but not at the level of 0-2%, indicating that Koji
also has a growth-inhibiting effect. The growth promoter
may be active at the lower level than the growth inhibitor.
The present results also indicate that the partition of nutrients
is changed by Koji.

Table 3. Effect of dietary supplementation of Aspergillus awamori on abdominal fat and total fat, a-toco-
pherol and thiobarbituric acid-reactive substances (TBARS) in pectoral superficial muscle

(Mean values with their standard errors)

A. awamori
Control 0-05% 0-2%
Mean SE Mean SE Mean SE
Abdominal fat (g/100 g BW) 1.52 0-2 0-75° 0-09 0-8° 0-08
Muscle total fat (g/100 g muscle) 3.0° 0-2 6-0% 1.2 7-02 1.0
Muscle a-tocopherol (mg/100 g muscle) 0-13° 0-03 0-382 0-02 0-422 0-03
Muscle TBARS (nmol MDA/g muscle) 27.6% 5 12P 2 18.4° 2

BW, body weight; MDA, malondialdehyde.

2P Mean values with unlike superscript letters were significantly different (P<0-05).

ssaud Aissanun abpliquied Aq auluo paysliand 6902001 L5711 £000S/2101°01/B10"10p//:sdny


https://doi.org/10.1017/S0007114511007069

o

British Journal of Nutrition

1600 A. A. Saleh et al.

>

160 |
140 | a
120 | b

100 |
80 |
60 |
40
20

FAS (% of control)

S

160
140 +
120 | b
100
80 |
60 |
40 |
20 +

ACC (% of control)

a

250

a,b
150 |+ b

50

D6DES (% of control)

E

140
120 |
100 |
80 b
60
40
20 +

CPT1A (% of control)

m

120 a

-
A o ® O
S & o© o
————
o
ol
[=2

HMG-CoA reductase
(% of control)
N
o

0 1 1
Control A. awamori 0-05

A. awamori 0-2

Fig. 2. Effect of dietary Aspergillus awamori on the mRNA of (A) fatty acid
synthase (FAS), (B) acetyl-CoA carboxylase (ACC), (C) A-6 desaturase
(D6DES), (D) carnitine palmitoyl transferase 1A (CPT1A) and (E) 3-hydroxyl-
3-methylglutaryl-CoA (HMG-CoA) reductase contents in pectoral superficial
muscle. Values are means, with standard errors represented by vertical bars.
abMean values with unlike letters were significantly different (P<0-05).

Dietary supplementation of A. awamori increased the
mRNA contents of FAS, ACC and DO6DES and decreased
CPT1A, although higher dietary inclusion of A. awamori did
not significantly influence the mRNA of ACC and DOGDES.
FAS, ACC and DG6DES play important roles in the synthesis
of PUFA"®, and CPTIA is essential for fatty acid oxidation.

Aspergillus may also affect the activities of these enzymes in
liver and adipose tissues and influence fat metabolism®*2?.
However, we have no data to support this assumption.

In the present experiment, abdominal fat and plasma
cholesterol, TAG and LDL-cholesterol were decreased while
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plasma HDL-cholesterol was increased by the dietary sup-
plementation of A. awamori. Kim et al*" also found that
A. oryzae at 0-1% in the diet significantly lowered serum
cholesterol and TAG in broiler chickens. The mechanism
underlying the lowering effect of Aspergillus on plasma
cholesterol and TAG could be related to an inhibitor of
HMG-CoA reductase®®?. Indeed, mRNA of muscle HMG-CoA
reductase was decreased by A. awamori feeding in the pre-
sent experiment. It is well known that the HMG-CoA reductase
inhibitor (Statin) was extracted from a fungus(B)
widely used to decrease LDL-cholesterol and TAG and to
increase HDL-cholesterol in the plasma. Muscle HMG-CoA
reductase may also be responsible for the decrease in fat
deposition.

Breast muscle TBARS were decreased, and muscle a-toco-
pherol content was increased by A. awamori in the present
experiment, indicating that the fungus has antioxidative prop-
erties. There was a negative correlation between muscle
TBARS and a-tocopherol content®?
that A. awamori produces antioxidative substances. In fact,
Kaminishi et a/.*> have found that several strains of Aspergil-
lus produce antioxidative substances.

In the present study, PUFA concentrations in chicken
muscle were increased by feeding A. awamori. On the other
hand, palmitic acid, a SFA, was significantly decreased by A.
awamori. This is important because PUFA play important
roles in reducing the incidence of lifestyle diseases such as
coronary artery diseases, hypertension and diabetes, as well
as certain inflammatory diseases such as arthritis and dermati-
tis in humans”. Several studies have shown that oleic and
linoleic acids are the most common unsaturated fatty acids
produced by Aspergillus, and linoleic acid is a major constitu-
ent of fungal lipids(%*”). Also, Aspergillus produces desatur-
ase which converts SFA to unsaturated fatty acids®”. Ignatius
et al.®V have reported that Aspergillus terreus produces lino-
lenic acid, while the production of other PUFA has not been
studied. It is probable that the increases in oleic, linoleic
and linolenic acids in the muscle might have resulted from
the intestinal activities of A. awamori. However, the higher
level (0-2%) of A. awamori did not change the linolenic
acid content. As mentioned earlier, the higher level of A. awa-
mori did not increase body-weight gain. The effect of A. awa-
mori on linolenic acid metabolism may correlate with the

and Statin is

. These results indicate

growth-promoting action of A. awamori.

In conclusion, the present study clearly shows that the
muscle lipid profile could be modified by the addition of A.
awamori to the diet.
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