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Polyunsaturated fatty acids (PUFAs), especially eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic

acid (DHA, C22:6), are beneficial for human health. In this study, we selected a high EPA content (30% in

total fatty acids) strain of Mortierella alpina CCFM 698 that overexpressed an u-3 fatty acid desaturase

from Phytophthora parasitica, and investigated the cell growth and lipid accumulation of this strain in

a 65 L airlift fermenter with glucose batch feeding. The maximum cell dry weight was 28.7 g L�1 and the

highest total fatty acid content was 33.0% (w/w) in cell dry weight. The highest EPA yield was 1.8 g L�1.

Both low and high dose supplementation of this strain into the feed of laying hens increased DHA

accumulation in the yolk. The highest DHA content of 7.61 mg g�1 yolk was achieved in Fengda-1 laying

hens with 4% supplementation and the DHA production per egg was 118.46 mg. However, Hy-Line

Brown laying hens displayed a higher DHA production per egg and the value was 131.50, 131.72,

131.95 mg with 1.5%, 2%, 4% supplementation, respectively. The lowest ratio of u-6/u-3 PUFAs (3.53)

was obtained in Hy-Line Brown laying hens with 4% supplementation. These results suggest that M.

alpina CCFM 698 can be used as an alternative source of u-3 PUFAs in feed to produce nutritious eggs

with high DHA content.
Introduction

u-3 Polyunsaturated fatty acids (PUFAs), such as eicosapentae-
noic acid (EPA, C20:5) and docosahexaenoic acid (DHA, C22:6),
are very important to human health and clinical studies have
demonstrated their benecial effects on the prevention and
treatment of cardiovascular disease, immune disorders, dia-
betes and cancer.1–5 Marine sh oil is the main EPA and DHA
source for humans, but due to human population growth and
oceanic pollution, the current practice of harvesting sh is
unsustainable.6

Mortierella alpina is an oleaginous lamentous fungus rich
in various fatty acids and a source of arachidonic acid (AA,
C20:4), which is used as an additive in infant formulas.7 The
fungus has also been recognised as a potential source for
commercial EPA production.8 Ando et al. overexpressed an
endogenous u-3 fatty acid desaturase in M. alpina 1S-4, and
increased the EPA accumulation to 0.68 g L�1 with a maximum
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EPA content in total fatty acids of 40%.9 However, u-3 fatty acid
desaturase from M. alpina is only active at low temperatures,
which cannot meet the demands of industrialised production.
Recently, Okuda overexpressed u-3 fatty acid desaturase SDD17
from Saprolegnia diclina in M. alpina 1S-4, resulting in an EPA
content more than 18% of total fatty acids at room temperature,
which increased to 26.4% aer fermentation was optimised.10

Our laboratory also engineered an M. alpina that can produce
EPA at room temperature through overexpression of anu-3 fatty
acid desaturase from Pythium aphanidermatum; the EPA content
achieved was 18% of total fatty acids.8We then overexpressed an
u-3 fatty acid desaturase from Phytophthora parasitica and ob-
tained a strain named CCFM 698 that had a higher EPA content
(30% of total fatty acids).

Hens' eggs are one of the most nutritious foods in daily diets
due to their abundant fatty acids, high protein content, vita-
mins and minerals.11 However, the typical content of u-3 PUFAs
in eggs is low and the ratio of u-6/u-3 PUFAs is over 12 : 1, far
exceeding the recommended intake ratio of 3–5 : 1, and thus
not meeting the dietary requirements for PUFAs.12 Many studies
have shown that laying hens can convert PUFAs in feed and
enrich them in egg yolk, thereby improving the fatty acid
composition of the yolk. The main additives used to produce u-
3 PUFAs in eggs are axseed, sh oil and microalgae. The fatty
acid conversion rates of different additives in laying hens' feed
differ. Petrovic et al. investigated the effects of feeding different
concentrations of axseed rich in a-linolenic acid (ALA, C18:3)
RSC Adv., 2018, 8, 39005–39012 | 39005
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Fig. 1 Cell growth and lipid accumulation ofM. alpina CCFM 698 in 65 L airlift fermenter. (A) Glucose concentration in the growth media, (B) cell
dry weight (CDW), (C) total fatty acids (TFAs) content (w/w, CDW), (D) fatty acid composition.

Table 1 Composition of standard diet and M. alpina CCFM 698

Standard diet M. alpina CCFM 698

Metabolisable energy (MJ kg�1) 12.02 � 0.78
Crude protein 15.08 � 0.46 7.5 � 0.33
Methionine 1.28 � 0.08 0.25 � 0.02
Methionine + cystine 2.32 � 0.24 0.43 � 0.03
Lysine 3.45 � 0.05 0.68 � 0.05
Calcium 3.52 � 0.14 ND
Non-phytate phosphorus 0.53 � 0.04 ND

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 7
:0

8:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
on egg PUFAs and found that the ratio of u-6/u-3 PUFAs
decreased continuously during the rst 5 weeks, and the main
contributor to the increase of u-3 PUFAs was ALA rather than
DHA.12 Saleh studied the effects of different concentrations of
sh oil on egg fatty acid composition and found that theu-3
PUFA content in yolk was signicantly higher with supple-
mentation than in the control group; supplementation at 2.5%
was most favourable for increasing u-3 PUFA content.13 Fre-
driksson et al. supplemented laying hens' feed with microalgae
rich in EPA and ALA and found that the DHA concentration in
egg yolk was signicantly increased.14 However, the production
of PUFAs in eggs through the addition of linseed, sh oil and
microalgae to the feed of laying hens faces with some problems
such as a low conversion rate of ALA, “shy taint” or off-avors,
increased susceptibility to oxidation, high cost of sh oil and
difficulties in the cultivation of microalgae.

As the stable production of PUFAs by M. alpina is feasible
and some genetically modied strains are rich in EPA, adding
this fungus to laying hens' feed to enhance the DHA levels in
egg yolk is appealing. In our previous study we added M. alpina
CCFM 442 with 6% EPA of total fatty acids to the diet of laying
hens and investigated the change in yolk fatty acid content.15

With 10 days of supplemental feeding, the DHA and AA
contents of the egg yolks in the addition group were respectively
3-fold and 2-fold higher than those of the control group and the
ratio of u-6/u-3 decreased from 13 : 1 to 8 : 1, which is bene-
cial to human health. The egg yolk DHA was mainly converted
from EPA when feeding with M. alpina and the EPA content of
strain CCFM 422 was only 6%, leading to DHA production per
39006 | RSC Adv., 2018, 8, 39005–39012
egg of no more than 50 mg. Thus, a higher EPA strain should be
selected to feed to laying hens for high DHA production. In this
study, we chose the high EPA (30% of total fatty acids) strainM.
alpina CCFM 698, which overexpresses an u-3 fatty acid desa-
turase from P. parasitica, to investigate its fermentation opti-
misation and supplementation in laying hen feed for egg yolk
DHA accumulation.

Materials and methods
Microorganism selection and cultivation

M. alpina CCFM 698 was obtained from our laboratory and
preserved in the China General Microbiological Culture
Collection Center (CGMCC no. 11820).M. alpina CCFM 698 was
inoculated on potato dextrose agar plates and incubated for
approximately 30 days at 25 �C. Spores collection and mycelium
activation were performed as in our previous study.16 The acti-
vated seed culture was inoculated at 10% (v/v) into a 65 L airli
fermenter containing 40 L of batch-fed fermentation medium
This journal is © The Royal Society of Chemistry 2018
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Table 2 Fatty acid content in standard diet and M. alpina CCFM 698a

Fatty acids

Standard diet M. alpina CCFM 698

% of total fatty acids mg fatty acid/g diet % of total fatty acids
mg fatty acid/g
M. alpina

C14:0 — — 0.67 � 0.02 2.62 � 0.08
C16:0(PA) 11.69 � 0.84 5.23 � 0.48 9.42 � 0.32 37.03 � 1.26
C17:0 — — 0.24 � 0.01 0.93 � 0.04
C18:0(SA) 2.38 � 0.15 1.06 � 0.09 15.81 � 1.04 62.17 � 4.09
C18:1(u-9,OA) 33.59 � 1.24 15.02 � 1.65 16.77 � 0.89 65.96 � 3.50
C18:2(u-6, LA) 47.38 � 2.31 21.18 � 1.70 8.56 � 0.42 33.64 � 1.65
C18:3(u-6, GLA) — — 3.02 � 0.13 11.89 � 0.51
C18:3(u-3, ALA) 4.53 � 0.30 2.02 � 0.15 — —
C20:0 — — 1.36 � 0.05 5.34 � 0.20
C20:3(u-6, DGLA) — — 0.35 � 0.00 1.37 � 0.02
C22:3 — — 2.76 � 0.05 10.84 � 0.20
C20:4(u-6, AA) — — 12.48 � 0.74 49.08 � 2.91
C20:5(u-3, EPA) — — 23.70 � 1.13 93.20 � 4.44
C22:0 — — 2.42 � 0.02 9.51 � 0.08
C24:0 — — 1.88 � 0.04 7.40 � 0.16
Total u-6 PUFAs 47.38 � 2.31 21.18 � 1.70 24.41 � 0.98 95.98 � 3.85
Total u-3 PUFAs 4.53 � 0.30 2.02 � 0.15 23.70 � 1.02 93.27 � 4.01
u-6/u-3 PUFAs 10.46 � 0.51 — 1.03 � 0.04 —

a Values are mean of three samples � standard error of the mean.

Fig. 2 Changes of fatty acid composition in egg yolk of different
groups in the supplementation period of feeding with mycelium-
enriched feed. (A) 0.5% supplementation group, (B) 1% supplementa-
tion group, (C) 1.5% supplementation group. Values are mean of three
samples � standard error of the mean.

This journal is © The Royal Society of Chemistry 2018
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(30 g L�1 glucose, 20 g L�1 soybean meal, 1 g L�1 KH2PO4$H2O,
5 g L�1 KNO3 and 0.25 g L�1 MgSO4$7H2O). Airli fermenters
were maintained at 28 �C and ventilation is set at 0.5–1.5 v/
v min�1 with fermenter pressure controlled at 0.5 bar. pH was
maintained at 6.0 by autoaddition of 4 mol L�1 HCl or 6 mol L�1

NaOH and foam production was controlled by adding
a defoaming agent (polypropylene glycol 2000). During the
fermentation, sterile sampling was performed at every 24 h and
the steam sterilisation was performed before and aer
sampling.
Determination of cell dry weight and glucose concentration

100 mL fermentation culture was collected in measuring cups,
ltered with 200 mesh sieves and then washed with distilled
water. The collectedmycelia were frozen at�80 �C, freeze-dried,
and the cell dry weight was measured by weighing method. The
glucose concentration in the culture medium was measured
using a glucose oxidase kit (Shanghai Rongsheng Biotech Co.,
Ltd., China) according to the manufacturers' instructions.
Analysis of mycelia, hens diet and egg fatty acid methyl esters

The mycelia were harvested by ltration and washed with
distilled water, followed by freeze-drying, then fatty acids were
extracted and methyl-esteried as described previously.17 The
fatty acid compositions were analysed by GCMS-QP2010 Ultra
(Shimadzu Co., Japan) with pentadecanoic acid (C15:0) as the
internal standard to quantify the fatty acid methyl esters
(FAMEs). The temperature programme was as described in our
previous study.18 Analysis of the fatty acid composition of the
hens' diet and egg yolks was the same as for the mycelia.
RSC Adv., 2018, 8, 39005–39012 | 39007
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Table 3 Egg yolk fatty acid content (mg per g egg yolk) of low dose groups at the end of supplementation perioda

Fatty acids Control (0%) 0.5% 1% 1.5%

C16:0 48.24 � 3.05a 42.19 � 1.93a 44.98 � 2.16a 45.62 � 2.31a

C16:1 10.61 � 1.21a 10.86 � 0.95a 10.55 � 0.56a 10.44 � 0.48a

C18:0 27.71 � 1.89a 25.11 � 1.04a 27.26 � 0.84a 28.18 � 0.47a

C18:1(u-9, OA) 112.64 � 7.90a 98.13 � 1.62a 104.92 � 3.47a 111.08 � 6.63a

C18:2(u-6, LA) 32.21 � 3.72a 29.65 � 3.50a 32.08 � 6.42a 29.74 � 2.27a

C18:3(u-6, GLA) 0.32 � 0.10a 0.38 � 0.05a 0.35 � 0.04a 0.33 � 0.02a

C18:3(u-3, ALA) 1.87 � 0.44a 1.70 � 0.24a 1.90 � 0.19a 1.83 � 0.42a

C20:3(u-6, DGLA) 0.15 � 0.03a 0.16 � 0.05a 0.18 � 0.03a 0.19 � 0.04a

C20:4(u-6, AA) 7.23 � 0.54a 6.81 � 0.18a 6.96 � 0.49a 7.03 � 0.09a

C22:5(u-6, DPA) 1.14 � 0.17a 1.13 � 0.18a 1.01 � 0.21a 1.08 � 0.14a

C22:5(u-3, DPA) 0.28 � 0.08a 0.34 � 0.06a 0.54 � 0.02b 0.64 � 0.10b

C22:6(u-3, DHA) 3.92 � 0.17a 5.06 � 0.31bc 5.94 � 0.60c 7.31 � 0.49d

Total u-6 PUFAs 41.06 � 3.61a 38.12 � 3.32a 40.59 � 7.01a 38.37 � 2.02a

Total u-3 PUFAs 6.07 � 0.41a 7.89 � 0.23b 8.39 � 0.75bc 9.78 � 0.58c

u-6/u-3 PUFAs 6.92 � 0.28a 5.07 � 0.28b 4.82 � 0.45bc 3.93 � 0.20c

a Values are mean of three samples � standard error of the mean. Values with the same letter in the same row are not signicantly.

Table 4 Performance, egg quality, conversion rate of EPA to DHA in laying hens of low dose groupsa

Fatty acids Control (0%) 0.5% 1% 1.5%

Laying rate (%) 87.14 � 4.64a 86.67 � 4.91a 85.72 � 5.79a 89.04 � 3.96a

Feed intake (g) 118.05 � 4.61a 119.02 � 3.32a 118.78 � 3.18a 119.43 � 5.54a

Egg weight (g) 68.09 � 1.33a 67.26 � 1.57a 66.87 � 1.90a 68.72 � 2.66a

Egg yolk weight (g) 17.60 � 0.82a 17.64 � 0.75a 17.40 � 0.66a 18.02 � 0.41a

Egg albumen weight (g) 44.53 � 1.72a 43.98 � 2.36a 43.62 � 2.12a 44.62 � 2.34a

Egg shell weight (g) 5.96 � 1.10a 5.64 � 0.85a 5.85 � 0.74a 6.08 � 1.03a

Feed conversion rate (%) 50.26 � 2.64a 48.97 � 3.72a 48.26 � 4.23a 51.23 � 3.11a

EPA intake (mg) 0.00a 55.46 � 2.45b 110.70 � 3.21c 166.66 � 4.12d

DHA per egg (mg) 69.07 � 2.01a 89.41 � 2.76b 106.94 � 3.34c 131.50 � 3.22d

EPA conversion rate (%) 0.00a 36.67 � 1.58b 34.20 � 1.72b 37.39 � 1.44b

a Values are mean of six samples � standard error of the mean. Values with the same letter in the same row are not signicantly. Feed conversion
rate (%) ¼ (laying rate � egg weight)/feed intake. EPA conversion rate (%) ¼ (experimental group egg yolk DHA production—control group egg yolk
DHA production)/EPA intake.
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Preparation of mycelium feed and laying hens diet
formulation

The standard hens' diet was provided by Rongda Poultry Co.,
Ltd. Dry mycelia was added to the standard diet at 0.5%, 1%,
1.5%, 2% or 4% (w/w) to prepare the mycelium-enriched feed.
The laying hens' feeding experiment was performed in two
batches (low doses of 0.5%, 1% or 1.5%mycelium feed and high
doses of 2%, 4% mycelium feed). The laying hens received 14 h
light per day with room temperature maintained at 20 �C.
Sufficient feed and water was supplied for hens' ad libitum
consumption. The overall experiment was divided into three
phases: an adaptation period of feeding with the standard diet
(14 days), a supplementation period of feeding with mycelium-
enriched feed (14 days) and a wash-out period (14 days) of
feeding with the standard diet. Thirty weeks old of Hy-Line
Brown or Fengda-1 laying hens, from Rongda Poultry Co., Ltd,
was individually housed. Fieen hens was in each group and
separately housed in the cages of 45 � 45 cm with a height of
45 cm. All experimental protocols were approved by the Animal
Ethics Committee of Jiangnan University, China, and were
39008 | RSC Adv., 2018, 8, 39005–39012
performed according to the ethical guidelines of the European
Community guidelines (Directive 2010/63/EU).

Results and discussion
Cell growth and lipid accumulation of M. alpina CCFM 698 in
65 L airli fermenter

Airli fermenters can best preserve mycelia because they have
no mechanical agitation, which improves the production of
biomass and metabolites.19 To obtain a high production of
biomass and EPA in M. alpina CCFM 698, the strain was culti-
vated in a 65 L airli fermenter (Fig. 1). The glucose concen-
tration in the culture medium greatly inuences the production
of biomass and lipids; a high glucose concentration will slow
the glucose consumption, cell growth and lipid accumulation,
while a low glucose concentration will not meet the carbon
requirements for growth and lipid accumulation.20,21 Therefore,
to improve the utilisation rate of glucose and the accumulation
of EPA, fermentation was conducted with glucose batch
feeding. Our results showed that the glucose consumption rate
was high, especially before 48 h (Fig. 1A), and glucose was
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Changes of fatty acid composition in egg yolk of different
groups in the supplementation period of feeding with mycelium-
enriched feed. (A) 2% supplementation group in Hy-Line Brown laying
hens, (B) 4% supplementation group in Hy-Line Brown laying hens, (C)
2% supplementation group in Fengda-1 laying hens, (D) 4% supple-
mentation group in Fengda-1 laying hens. Values are mean of three
samples � standard error of the mean.
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exhausted at 264 h. Correspondingly, the cell dry weight
increased quickly in the rst 48 h, reaching a maximum of
28.7 g L�1 at 264 h, and then remaining stable (Fig. 1B). The
highest total fatty acid content was also obtained at 264 h,
reaching 33.0% (w/w) in cell dry weight (Fig. 1C). As shown in
Fig. 1D, the highest EPA yield of 1.8 g L�1 was achieved at 336 h,
This journal is © The Royal Society of Chemistry 2018
which was much higher than that (0.6 g L�1) found in our
previousM. alpina strain engineered to heterogeneously express
an ALA-preferring delta-6 desaturase.22 In addition, the EPA
yield in this study was similar to that ofM. alpina expressing u-3
fatty acid desaturases from P. aphanidermatum and S. diclina
whose EPA yields were respectively 1.7 g L�1 and 1.8 g L�1.6,8

Recently, however, DuPont assembled 30 copies of 9 different
heterologous genes in Y. lipolytica and the recombination strain
accumulated 15% (w/w) EPA in cell dry weight, indicating that it
is another promising strain for the production of EPA.23 In this
study, the u-6 PUFAs AA yield in M. alpina CCFM 698 was only
0.4 g L�1 at 336 h and the ratio of EPA/AA was nearly 5. The high
yield of u-3 PUFAs EPA and low yield of u-6 PUFAs AA was
benecial for DHA accumulation in egg yolks when this strain
was added to laying hen feed as the major egg DHA source was
converted from u-3 PUFAs in the diet.24

Fatty acid composition of standard diet and M. alpina CCFM
698

To obtain sufficient mycelia for feed supplementation, multiple
batches of air li fermentation were carried out and M. alpina
CCFM 698 was harvested for use in a laying hen experiment.
The composition of the standard diet and M. alpina biomass is
shown in Table 1. Furthermore, the fatty acid content of the
standard diet and M. alpina CCFM 698 is shown in Table 2.

The standard diet mainly contained oleic acid (OA, C18:1)
and linoleic acid (LA, C18:2), but also contains a small amount
of ALA, palmitic acid (PA, C16:0) and stearic acid (SA, C18:0).
However, the composition of fatty acids in M. alpina CCFM 698
is various and reasonable. The PUFAs accounted for 51.64% of
total fatty acids and the EPA content was up to 23.70%. The EPA
content of this strain was much higher than that of our previous
strain M. alpina CCFM 442, which had 6.09% EPA in total fatty
acids, and M. alpina CCFM 698 also had a much lower u-6/u-3
ratio of 1.03 compared with that of M. alpina CCFM 442, whose
value was 4.41.25 Thus, of the two strains,M. alpina CCFM 698 is
a better feed additive to produce high DHA eggs, which are
benecial for the human health.

Effects of low dose supplementation of M. alpina CCFM 698
on egg yolk fatty acid composition

To investigate the effects of M. alpina CCFM 698 supplemen-
tation on egg yolk fatty acid composition, 0.5%, 1% and 1.5%
dry mycelia were added to the standard diet of laying hens. The
major PUFA trend in egg yolk during the supplementary feeding
period is shown in Fig. 2. The DHA content of the 0.5%
supplementation group showed only a slow upward trend in the
whole supplementary period. The DHA content of the 1%
supplementation group was higher than that of the 0.5% group
and reached a peak value on the 10th day. In the 1.5% supple-
mentation group, DHA accumulation was low in the rst 5 days
but increased rapidly from the 5th to 9th days, and then
increased slowly. The egg yolk fatty acid composition at the end
of the supplementation period is shown in Table 3. The egg yolk
fatty acid compositions of the supplementation groups were
similar, and there was no EPA accumulation in any group,
RSC Adv., 2018, 8, 39005–39012 | 39009
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Table 5 Egg yolk fatty acid content (mg per g egg yolk) of high dose groups when DHA content reaching the highest valuea

Fatty acids
Hy-Line Brown laying
hens (control 0%)

Hy-Line Brown laying
hens (2%)

Hy-Line Brown laying
hens (4%)

Fengda-1 laying
hens (control 0%)

Fengda-1 laying
hens (2%)

Fengda-1 laying
hens (4%)

C16:0 41.69 � 5.33a 56.58 � 0.31b 39.36 � 2.92a 42.62 � 1.27a 40.13 � 2.75a 40.86 � 5.10a

C16:1 13.99 � 2.03ab 16.93 � 0.54b 11.90 � 1.79a 14.28 � 0.35ab 12.05 � 1.61a 10.57 � 1.33a

C18:0 22.27 � 1.14a 28.48 � 2.12ab 23.67 � 2.09a 24.50 � 0.57a 23.93 � 1.60a 24.07 � 2.09a

C18:1(u-9, OA) 68.76 � 4.15a 88.17 � 8.43a 74.21 � 4.06a 71.15 � 6.22a 73.30 � 4.70a 75.54 � 11.29a

C18:2(u-6, LA) 31.55 � 1.53a 35.66 � 5.88a 29.66 � 2.67a 27.27 � 0.29a 31.49 � 3.37a 33.71 � 4.07a

C18:3(u-6, GLA) 0.51 � 0.01a 0.54 � 0.03a 0.43 � 0.05a 0.52 � 0.19a 0.52 � 0.15a 0.47 � 0.12a

C18:3(u-3, ALA) 2.24 � 0.39a 2.09 � 0.20a 2.77 � 0.74a 1.77 � 0.33a 2.38 � 0.59a 2.40 � 0.23a

C20:3(u-6, DGLA) 0.56 � 0.02ab 0.46 � 0.08a 0.54 � 0.02ab 0.61 � 0.06ab 0.67 � 0.11b 0.59 � 0.07ab

C20:4(u-6, AA) 7.07 � 0.27a 8.81 � 0.44b 7.37 � 0.42a 8.02 � 0.35ab 7.18 � 0.54a 7.29 � 0.76a

C22:5(u-6, DPA) 1.27 � 0.92ab 1.84 � 0.32b 0.65 � 0.21a 1.05 � 0.28ab 0.58 � 0.13a 0.63 � 0.32a

C22:5(u-3, DPA) 0.38 � 0.03a 0.79 � 0.25c 0.63 � 0.16b 0.25 � 0.01a 0.55 � 0.07ab 0.87 � 0.26c

C22:6(u-3, DHA) 4.09 � 0.13a 7.57 � 0.14c 7.54 � 0.33c 3.88 � 0.22a 6.41 � 0.26b 7.61 � 0.45c

Total u-6 PUFAs 40.95 � 2.19a 47.56 � 6.85a 38.65 � 3.21a 37.47 � 0.59a 40.45 � 3.04a 42.69 � 5.63a

Total u-3 PUFAs 6.57 � 0.19a 10.45 � 0.59c 10.95 � 0.68c 5.90 � 0.54a 9.34 � 0.36b 10.88 � 0.33c

u-6/u-3 PUFAs 6.23 � 0.15c 4.52 � 0.46ab 3.53 � 0.01a 6.37 � 0.49c 4.33 � 0.33ab 3.93 � 0.58a

a Values are mean of three samples � standard error of the mean. Values with the same letter in the same row are not signicantly.

Table 6 Performance, egg quality, and conversion rate of EPA to DHA in laying hens of high dose groupsa

Hy-Line Brown laying
hens (control 0%)

Hy-Line Brown laying
hens (2%)

Hy-Line Brown laying
hens (4%)

Fengda-1 laying hens
(control 0%)

Fengda-1 laying
hens (2%)

Fengda-1 laying
hens (4%)

Laying rate (%) 86.11 � 5.36a 88.45 � 6.55a 87.43 � 7.12a 88.23 � 4.86a 87.64 � 5.56a 88.04 � 6.96a

Feed intake (g) 118.25 � 5.12a 119.32 � 4.23a 117.59 � 6.54a 89.52 � 4.43b 90.02 � 3.42b 90.24 � 6.22b

Egg weight (g) 67.88 � 1.33a 65.17 � 1.62a 66.88 � 1.68a 50.09 � 1.12b 51.26 � 1.44b 51.87 � 1.88b

Egg yolk (g) 17.42 � 0.88a 17.40 � 0.76a 17.50 � 0.92a 15.03 � 0.72b 15.42 � 0.54b 15.56 � 0.68b

Egg albumen (g) 44.69 � 1.32a 42.18 � 1.66a 43.54 � 2.45a 30.61 � 1.61b 31.32 � 1.22b 31.66 � 1.14b

Egg shell (g) 5.77 � 0.52a 5.58 � 0.49a 5.84 � 0.31a 4.45 � 0.30b 4.52 � 0.45b 4.65 � 0.35b

Feed conversion (%) 49.43 � 2.32a 48.31 � 3.55a 49.73 � 3.87a 50.26 � 2.64a 46.79 � 3.72a 48.26 � 4.23a

EPA intake (mg) 0.00a 220.42 � 6.45b 440.84 � 9.21c 0.00a 166.87 � 5.45d 333.73 � 8.44e

DHA per egg (mg) 71.24 � 2.35a 131.72 � 3.58b 131.95 � 5.66b 58.32 � 2.12c 98.84 � 3.78d 118.46 � 4.35e

EPA conversion (%) 0.00a 27.44 � 2.64b 13.77 � 3.04c 0.00a 24.28 � 3.15b 18.02 � 2.02d

a Values are mean of six samples � standard error of the mean. Values with the same letter in the same row are not signicantly. Feed conversion
(%) ¼ (laying rate � egg weight)/feed intake. EPA conversion (%) ¼ (experimental group egg yolk DHA production—control group egg yolk DHA
production)/EPA intake.
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which is most likely a result of rapid hepatic conversion to DHA,
in accordance with other published nding.14,25 As shown in
Tables 3 and 4, DHA in egg yolks increased with the increase of
M. alpina CCFM 698 supplemental feeding dose. The DHA yield
reached 7.31 mg g�1 egg yolk and 131.50 mg per egg in the 1.5%
supplementation group, which was a 1.86- and 1.90- fold
increase compared to the control. Correspondingly, the u-6/u-3
ratio in the egg yolks decreased to 3.93 in the 1.5% supple-
mentation group while the ratio in the control group was 6.92.
The low u-6/u-3 PUFAs ratio is more consistent with the rec-
ommended intake ratio.26

As the conversion of EPA in feed supplements to DHA in egg
yolk is very important for industrialised applications, the
conversion rate of EPA to DHA in the laying hens in the different
groups was analysed (Table 4). The conversion rates of EPA to
DHA were all more than 30% when M. alpina CCFM 698 was
supplemented, which is much higher than the ALA conversion
rate (6%) when linseed was fed as feed.27 The highest
39010 | RSC Adv., 2018, 8, 39005–39012
conversion rate was achieved in the 1.5% supplementation
group, reaching 37%, which is slightly higher than that of
microalgae (35%) but less than that when sh oil was given
(55%).28 However, the cost of supplementary M. alpina CCFM
698 production is lower than that of sh oil.24 The highest DHA
production per egg in the 1.5% supplementation group was
130 mg, nearly double that of the control group and also much
higher than that of our previous study using M. alpina CCFM
442 (50 mg DHA per egg).25

Effects of high dose supplementation of M. alpina CCFM 698
on egg yolk fatty acid composition

To further increase DHA content in the egg yolks, higher
supplemental feeding amounts ofM. alpina CCFM 698 (2% and
4%) were given (Fig. 2). At the same time, to investigate whether
M. alpina CCFM 698 is suitable for different laying hens, we
selected two kinds of laying hens (Hy-Line Brown and Fengda-1)
for the high dose feeding experiments. As shown in Fig. 3, the
This journal is © The Royal Society of Chemistry 2018
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DHA content of egg yolk plateaued. The DHA content of all
groups except the 2% supplementation group of Fengda-1
laying hens reached a peak on the 10th day, indicating that
a further increase in feeding time does not increase the DHA
content in egg yolk. The fatty acid composition when DHA
content reached the highest value in each group is shown in
Table 5. The highest DHA content when feed were supple-
mented at 2% and 4% was similar in Hy-Line Brown laying
hens, reaching 7.57 and 7.54 mg g�1 egg yolk, respectively. In
Fengda-1 laying hens, the highest DHA content with 2%
supplement was just 6.41 mg g�1 egg yolk, signicantly lower
than that of Hy-Line Brown laying hens, indicating that the DHA
accumulation capacity of the Fengda-1 laying hens with 2%
supplement was a little weaker than that of Hy-Line Brown
laying hens. However, when the does was increased to 4%, the
highest DHA content was up to 7.61mg g�1 egg yolk in Fengda-1
laying hens, similar to that in the Hy-Line Brown laying hens. In
addition, the ratio ofu-6/u-3 PUFAs decreased with the increase
of supplement does, both in Hy-Line Brown laying hens and
Fengda-1 laying hens. In addition to supplementing feed with
M. alpina, other additives in laying hens' feed, such as sh oil,
axseed, chia seed and microalgae can also enhance the DHA
content in egg yolks.14,29,30 Thus, various sources of u-3 PUFAs
have great potential to produce high DHA content and thus
more nutritious eggs. However, among these additives, M.
alpina has many advantages, such as higher conversion of EPA
to DHA, an advanced fermentation process, and lower cost
(Table 6).25,31,32

Conclusion

In the present study, we selected a high EPA content (30% of
total fatty acids) strain of M. alpina CCFM 698 that overex-
pressed an u-3 fatty acid desaturase from P. parasitica and
investigated the cell growth and lipid accumulation of this
strain in a 65 L airli fermenter with glucose batch feeding. The
maximum cell dry weight was 28.7 g L�1 and the highest total
fatty acid content was 33.0% (w/w) in cell dry weight. The
highest EPA yield was 1.8 g L�1. In addition, the strains were
added to laying hens' feed for egg yolk DHA accumulation. Low
or high dose supplementation of M. alpina CCFM 698 both
increased DHA accumulation in egg yolks in Hy-Line Brown
laying hens and Fengda-1 laying hens. The highest DHA content
of 7.61 mg g�1 egg yolk was achieved in Fengda-1 laying hens
with 4% strain supplementation. The lowest ratio of u-6/u-3
PUFAs (3.53) was obtained in Hy-Line Brown laying hens with
4% strain supplementation. These results show that M. alpina
CCFM 698 can be used as an alternative source of u-3 PUFAs in
laying hen feed to produce nutritious high DHA eggs.
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