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Abstract

Background: Chlorella vulgaris has been proposed as a sustainable green feedstock in poultry nutrition due to its
ease of cultivation, minimal environmental impact and balanced nutritional composition. However, the majority of
studies documents the use of C. vulgaris as a dietary supplement in broilers instead of a feed ingredient. To the
best of our knowledge, no report has shown the effect of a high-level incorporation (>2 % in the diet) of C. vulgaris
on plasma metabolites and hepatic lipid composition of broilers. One hundred and twenty Ross 308 male birds
were housed in 40 wired-floor cages and randomly distributed by the following experimental diets at 22 days of
age (n=10) during 15 days: (1) a corn-soybean meal based diet (control); (2) based diet with 10% of C. vulgaris; (3)
diet 2 supplemented with 0.005% Rovabio™ Excel AP; and (4) diet 2 supplemented with 0.01% of a pre-selected
four-CAZyme mixture.

Results: The inclusion of C. vulgaris at 10% in the diet, regardless of the presence of exogenous CAZymes, changed
plasma metabolites but did not compromise broilers growth. Plasma total lipids increased in broilers fed C. vulgaris
combined with the two feed CAZymes (p < 0.001) compared with the control diet. Moreover, the supplementation
with Rovabio” increased total cholesterol and LDL-cholesterol, while the addition of the four-CAZyme mixture
increased triacylglycerols, VLDL-cholesterol and ALP activity. In opposition, HDL-cholesterol levels decreased in
broilers fed microalga alone (p =0.002). Regarding hepatic composition, the inclusion of C. vulgaris in broiler diets,
individually or combined with exogenous CAZymes, had a minor effect on fatty acids but improved the n-6/n-3
ratio and total carotenoids.
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with no need of CAZymes supplementation.

Conclusions: In summary, the inclusion of a high level (10%) of C. vulgaris in broiler’s diet, regardless of the
presence of exogenous CAZymes, improved hepatic antioxidant composition and did not impair broiler’s
performance. In addition, the feed supplementation with CAZymes increased broilers lipemia. Therefore, dietary C
vulgaris at this incorporation level seems to be safe for animal health and do not compromise performance traits,
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Background
Broiler meat is one of the most consumed meats world-
wide, thus being a major source of animal protein for
human consumption [1]. The increasing demand of
broiler meat has brought new challenges to livestock
agriculture. In addition, the increase of broiler produc-
tion led to an intensive production of conventional feed
raw materials, mainly corn and soybean, which has a
negative impact on environmental sustainability. More-
over, health-conscious consumers are driving the de-
mand for products with a high nutritional value [2, 3].
The use of microalgae as animal feed, mainly in
poultry, has been considered a sustainable and promis-
ing alternative to face the challenge imposed on livestock
agriculture. Microalgae production does not require ar-
able land or potable water, thus not competing with hu-
man food. Additionally, through the photosynthetic
process, microalgae could help mitigate the increase of
atmospheric carbon dioxide [4]. Moreover, microalgae
display an interesting nutritional composition, with a
balanced protein concentration and amino acid profile,
which is comparable or superior to the conventional
protein sources used in animal feeding. Microalgae also
present interesting contents of #-3 and #-6 polyunsatur-
ated fatty acids (PUFA), including eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), carbohydrates,
vitamins, minerals, carotenoids and antioxidants [5, 6].
Chlorella vulgaris, a freshwater eukaryotic green micro-
alga, stands out for its relative ease of cultivation, high
yield of biomass production and a well-balanced nutri-
tional composition, being one of the most produced
microalgae worldwide [7, 8]. However, C. vulgaris con-
tains a recalcitrant cell wall, composed by a diverse and
complex matrix of cross-linked insoluble carbohydrates,
which are largely indigestible by monogastrics [9-11].
Carbohydrate-Active enZymes (CAZymes) have been
applied in monogastric livestock as feed additives [12,
13]. Beyond its recognized ability to degrade cereal cell
walls [14], CAZymes also demonstrated the capacity to
disrupt microalgae cell walls [15, 16]. Recently, a recom-
binant four-CAZyme mixture, was developed in vitro to
partially degrade the C. vulgaris, enabling the release of
trapped nutrients [17]. Furthermore, C. vulgaris has

been regarded as dietary supplement in human and ani-
mal studies due to its antioxidant, antidiabetic, antihy-
perlipidemic, immunomodulatory and anti-inflammatory
properties [18, 19]. Thus, the incorporation of C. vul-
garis not only improves the nutritional value of diets,
and consequently growth performance, but also en-
hances animal health [20]. However, until to date, the
majority of these studies have been carried out with the
incorporation of C. vulgaris at low levels (<2 % in diet).
Hereupon, this study was conducted to assess the effect
of dietary C. vulgaris incorporation at 10%, supple-
mented or not with the commercially available Rovabio
and the four-CAZyme mixture described by Coelho
et al. [17], on plasma metabolites and hepatic lipid com-
position of broilers.

Results

Feed Intake and growth performance of broilers

Table 1 displays the results on feed intake and growth
performance of broilers for contextualization purposes.
The experimental diets had no significant effect neither
on feed intake nor on growth performance (p >0.05).
Values of average daily feed intake (ADFI), average daily
gain (ADG) and feed conversion ratio (FCR) were 127 g,
80.5 and 1.56 g, respectively.

Plasma biochemical profile

Plasma metabolites of broilers fed 10 % of C. vulgaris, in-
dividually or combined with exogenous CAZymes, are
presented in Table 2. Total lipids were significantly in-
creased (p <0.001) in broilers fed with CHR and CHM
diets when compared with the ones fed CH and control
diets. Broilers fed CHR had higher total cholesterol (p <
0.001) and low-density lipoprotein cholesterol (LDL)
(p <0.001) relative to the other diets. CHM had higher
triacylglycerols (TAG) (p<0.001) and very-low-density
lipoprotein cholesterol (VLDL) (p <0.001) when com-
pared to CH and control diets. On the contrary, CH diet
decreased high-density lipoprotein cholesterol (HDL)
levels (p=0.002). These alterations resulted in a lower
total cholesterol/HDL-cholesterol ratio (p <0.001), sim-
ultaneously with lower total protein, in the control diet
compared to the other diets. In addition, broilers fed



Coelho et al. BMC Veterinary Research (2021) 17:229 Page 3 of 13
Table 1 Effect of experimental diets on growth performance parameters of broilers

Item Control CH CHR CHM SEM p-value
Initial weight, g 786.8 7883 780.2 7834 12.67 0.969
Final weight, g 18674 1927.8 19232 1929.2 52.89 0811
ADG, g/d 77.2 814 81.6 81.8 2406 0.991
ADFI, g/pen 1284 124.0 1244 1311 3.644 0464
FCR 1.590 1537 1.528 1.602 0.037 0.395

The broilers were fed: (1) a corn-soybean based diet (Control); (2) the based diet plus 10 % C. vulgaris (CH); (3) diet 2 supplemented with 0.005 % Rovabio Excel
AP; and (4) diet 2 supplemented with 0.01 % of a pre-selected four-CAZyme mixture (CHM)
SEM - standard error of the mean; ADFI - average daily feed intake; ADG - average daily weight gain; FCR - feed conversion ratio

CHM diet decreased glucose (p = 0.001) when compared
to the control diet. Although creatinine levels remained
unchanged among experimental diets (p > 0.05), urea in-
creased (p <0.001) in broilers fed C. vulgaris alone.

Regarding liver enzymes, alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) activities in
plasma were unaffected (p >0.05) by the experimental
diets. Curiously, CHM diet increased plasma alkaline
phosphatase (ALP) (p <0.001) but decreased gamma-
glutamyltransferase (GGT) (p <0.001), when compared
to the other diets.

Hepatic total lipids, total cholesterol and fatty acid
composition

The effect of C. vulgaris, individually or in combination
with feed enzymes, on hepatic total lipids, cholesterol
content and fatty acid composition of broilers is shown
in Table 3. Experimental diets did not contribute to sig-
nificant differences on total lipids and total cholesterol
contents (p >0.05). The predominant fatty acids found
in liver were C18:0 (22.9-24.4%), C18:22n-6 (20.0-
20.6 %), C16:0 (17.6-19.6 %), C20:4n-6 (11.5-13.1 %) and
C18:1¢9 (10.1-12.9% of total FAME). However, only 3

Table 2 Effect of experimental diets on plasma metabolites of broilers

Item Control CH CHR CHM SEM p-value
Plasma metabolites

Total lipids (mg/L)’ 3578° 3500° 3941° 3932° 60.26 <0001
TAG (mg/L) 358° 402° 4755 526° 2368 <0001
Total cholesterol (mg/L) 860° 799° 983° 953P 2336 <0.001
HDL-cholesterol (mg/L) 641° 566° 641° 672° 1878 0.002
LDL-cholesterol (mg/L) 125° 150° 2407 178° 463 <0001
VLDL-cholesterol (mg/L)? 716° 80.4°° 95.0°¢ 105¢ 473 <0001
Total cholesterol/HDL-C 134° 141° 1.54° 142° 0017 <0001
Glucose (mg/L) 2571° 2463 2452%° 2357° 3378 0.001
Urea (mg/L) 10.80°° 15.80° 13.70° 960° 083 <0007
Creatinine (mg/L) 0.15 0.13 0.09 0.16 0.02 0.160
Total protein (g/L) 2587° 2893° 2897° 28.85° 068 0.005
Plasma hepatic markers

ALT (U 370 460 550 530 0589 0.146
AST (U/L) 2357 2972 3140 2414 237 0056
ALP (U/L) 3552° 2820°° 2149° 5040° 1986 <0.001
GGT (U/L) 212° 194° 205° 15.3° 0920 <0001

The broilers were fed: (1) a corn-soybean based diet (Control); (2) the based diet plus 10% C. vulgaris (CH); (3) diet 2 supplemented with 0.005% Rovabio’ Excel
AP; and (4) diet 2 supplemented with 0.01% of a pre-selected four-CAZyme mixture (CHM)

SEM - standard error of the mean; TAG - triacylglycerols; HDL - high-density lipoproteins; LDL - low-density lipoproteins; VLDL - very low-density lipoproteins; ALT -
alanine aminotransferase (EC 2.6.1.2); AST - aspartate aminotransferase (E.C. 2.6.1.1); ALP - alkaline phosphatase (EC 3.1.3.1); GGT - gamma-glutamyltransferase

(EC 2.3.2.13)

! Total lipids = [total cholesterol] x 1.12 + [TAG] x 1.33 + 148, as described by Covaci et al. [21]

2 VLDL-cholesterol = 1/5 [TAG], as described by Friedewald et al. [22]
ab< pifferent superscripts within a row indicate a significant difference (p < 0.05)
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Item Control CH CHR CHM SEM p-value
Total lipids, g/100 g 3.10 290 320 298 0.126 0363
Total cholesterol, mg/g 1.09 1.17 1.18 1.06 0.073 0614
FA composition, g/100 g FA

C100 001 0.00 001 0.00 0.002 0.192
120 001 001 001 001 0.003 0446
C140 022 0.17 022 020 0.025 0395
C14:1¢9 0.02 001 001 001 0.005 0851
C150 005 005 005 005 0.005 0988
DMA-C16:0 0.11 0.13 013 0.11 0018 0819
160 196 176 186 186 0920 0533
C16:1¢7 0.18° 0.28° 027° 030° 0014 <0001
C16:1¢9 069 046 048 062 0.135 0580
Q170 034 041 041 040 0028 0210
C17:1¢9 003 004 0.04 004 0.005 0.108
DMA-C180 0.18 0.26 0.26 021 0037 0369
DMA-C18:1 0.02 001 002 0.02 0.004 0.848
C180 229 244 243 236 0.540 0222
C181¢9 129 10.1 105 122 1628 0562
C18:1c11 111 126 122 128 0.044 0048
C18:2n-6 200 205 206 200 0603 0.860
C183n-6 003 004 0.04 004 0.003 0255
C182t9t12 0.14 0.14 013 0.15 0011 0794
C183n-3 046 056 057 058 0035 0.099
C184n-3 001 002 002 0.02 0.002 0.100
€200 0.14 0.15 0.14 0.14 0.009 0.806
C20:1¢11 029 0.24 0.24 025 0021 0282
C20:2n-6 1.09 121 113 1.04 0.085 0564
C20:3n-6 113 1.04 103 111 0.095 0.843
C20:4n-6 17 13.1 121 15 1,034 0695
C203n-3 008" 0.12° 0.12° 0.11% 0.009 0032
C20:5n-3 022 028 030 029 0022 0.065
€220 007 007 007 007 0.005 0973
C22:1n-9 001 001 001 001 0.002 0.589
C22:2n6 0015 0012 0016 0012 0.002 0316
C22:5n-3 124 118 107 102 0.111 0481
C22:6n-3 195 302 279 263 0324 0.130
Others 356 282 335 298 0343 0426
Partial sums of FA, g/100 g FA

SFA! 433 428 438 431 0568 0659
MUFA? 152 124 128 148 1785 0601
PUFA® 381 412 399 385 1932 0667
n-6 PUFA* 340 359 349 337 1,594 0773
n-3 PUFA® 397 518 487 464 039 0.191



Coelho et al. BMC Veterinary Research (2021) 17:229

Page 5 of 13

Table 3 Effect of experimental diets on hepatic total lipids, total cholesterol and fatty acid (FA) composition of broilers (Continued)

Item Control CH CHR CHM SEM p-value
Ratios of FA

PUFA/SFA 0.88 097 092 090 0.053 0672
n-6/n-3 879° 7.22° 7.38% 757% 0382 0025

The broilers were fed: (1) a corn-soybean based diet (Control); (2) the based diet plus 10% C. vulgaris (CH); (3) diet 2 supplemented with 0.005% Rovabio Excel
AP; and (4) diet 2 supplemented with 0.01% of a pre-selected four-CAZyme mixture (CHM)
SEM - standard error of the mean; FA - fatty acids; DMA - dimethylacetal; SFA - saturated fatty acids; MUFA - monounsaturated fatty acids; PUFA - polyunsaturated

fatty acids
' Sum (C10:0, C12:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:0)

2 Sum (C14:1¢9, C16:1¢7, C16:1¢9, C17:1¢9, C17:1¢10, C18:1¢9, C18:1¢11, C20:1¢11, C22:1n-9)
3 Sum (C18:2n-6, C18:2t9t12, C18:3n-6, C18:3n-3, C18:4n-3, C20:2n-6, C20:3n-6, C20:4n-6, C20:3n-3, C20:5n-3, C22:5n-3, C22:6n-3)

4 Sum (C18:2n-6, C18:3n-6, C20:2n-6, C20:3n-6, C20:4n-6)
® Sum (C18:3n-3, C18:4n-3, C20:3n-3, C20:5n-3, C22:5n-3, C22:6n-3)
2b pifferent superscripts within a row indicate a significant difference (p < 0.05)

minor fatty acids out of the 33 fatty acids identified were
affected by the experimental diets. The proportion of
C16:1c7 (p <0.001) was higher in broilers fed microalga,
with and without CAZymes, compared to those fed the
control diet. Similarly, the proportion of C20:31-3 was
significantly lower in the control diet relative to CH (p =
0.032). Moreover, the experimental diets did not change
the partial sums of fatty acids and the PUFA/SFA ratio
(p>0.05), but a significant decrease of n-6/n-3 ratio was
observed in all microalga diets compared to the control
diet (p = 0.025).

Hepatic tocopherols and pigments

Hepatic vitamin E homologues and pigments of
broilers fed C. vulgaris, individually or combined with
exogenous CAZymes, are presented in Table 4. Al-
though a-tocopherol was unchanged by the experi-
mental diets, y-tocopherol was consistently decreased

in broilers fed C. vulgaris, regardless the presence of
CAZymes (p<0.001). In contrast, [-carotene in-
creased with CH and CHR diets compared to the
control diet (p <0.001). Chlorophyll-a increased with
CHM relative to the control and CH diets (p =0.011).
In addition, broilers fed microalga diets had higher
total carotenoids and total chlorophylls plus caroten-
oids than broilers fed the control diet (p < 0.001).

Principal component analysis

Principal component analysis (PCA) was performed to
evaluate the relationship of plasma metabolites and
hepatic lipid composition of broilers fed the four experi-
mental diets. Hepatic parameters had no relationship
(see Supplementary Fig. 1) using this discriminant
analysis. Hence, Fig. 1 A shows only the PCA of plasma
metabolites to describe the variability of the pooled data
into two dimensions. The first two discriminant factors

Table 4 Effect of experimental diets on a-tocopherol, y-tocopherol and pigments of liver from broilers

Item Control CH CHR CHM SEM p-value
Diterpene profile, ug/g

a-Tocopherol 6.66 6.07 543 491 0.626 0.199
y-Tocopherol 1.26° 0.822° 0.833° 0.840° 0070 <0.0001
Pigments, ug/g

p-Carotene 0.977° 3.66° 3.15%¢ 2.11% 0.388 <0.0001
Chlorophyll-a' 244° 212 3.66% 421P 0477 0.011
Chlorophyli-b? 494 336 6.12 568 0.897 0.161
Total chlorophylls® 733 549 9.78 967 138 0.102
Total carotenoids® 2147 101° 105° 849° 0.860 <0001
Total chlorophylls + Carotenoids® 9.48° 15.7° 20.2° 18.2° 165 <0001

The broilers were fed: (1) a corn-soybean based diet (Control); (2) the based diet plus 10 % C. vulgaris (CH); (3) diet 2 supplemented with 0.005 % Rovabio® Excel
AP; and (4) diet 2 supplemented with 0.01 % of a pre-selected four-CAZyme mixture (CHM)

SEM - standard error of the mean

"Ca=11.24 X Aggr — 2.04 X Agas

2 Cb=0.13 X Agas —4.19 X Agsr

3 Ca+b=7.05x Ags + 18.09 X Agas

4 Cx+c = (1000 X A4z — 1.90 x Ca —63.14 x Cb) /214
5 (Ca+b) + (Cx+c)

2b< Mean values within a row with unlike superscript letters are significantly different (p < 0-05)
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Fig. 1 Loading plot of the first and second principal components of the pooled data (A) and component score vectors (B) using plasma
metabolites from broilers fed Chlorella vulgaris, individually and combined with exogenous CAZymes. Dietary treatments: corn-soybean meal
based diet (control); based diet with 10% of C. vulgaris (CH); based diet with 10% of C. vulgaris supplemented with 0.005% Rovabio™ Excel AP
(CHR); based diet with 10% of C. vulgaris supplemented with 0.01% of a pre-selected four-CAZyme mixture (CHM)

Factor 1: 35.04%

explained about 53.4% of total variability, with 35.0 % for
factor 1 and 18.4% for factor 2. The loadings for the first
two factors obtained for each variable are presented in
Table 5. Plasma metabolites with the highest discrimin-
ant power were total lipids, TAG, VLDL-cholesterol and
total cholesterol, on the factor 1, and ALP, urea and
AST, on the factor 2. The PCA model revealed a good
separation of the experimental groups, which are located

Table 5 Loadings for the first two principal components

Variables Factor 1 Factor 2
Total lipids -0.96 0.05
TAG -0.88 0.01
Total cholesterol -0.86 0.07
HDL-cholesterol -0.63 040
LDL-cholesterol -0.70 -048
VLDL-cholesterol -0.88 0.01
Glucose 0.24 -0.05
Urea 0.26 -0.76
Creatinine 0.31 0.51
Total protein -0.51 -0.26
ALT -0.31 -0.29
AST -0.19 -0.67
ALP -0.17 0.82
GGT 0.39 -0.28

TAG - triacylglycerols; HDL - high-density lipoproteins; LDL - low-density
lipoproteins; VLDL - very low-density lipoproteins; ALT - alanine
aminotransferase (EC 2.6.1.2); AST - aspartate aminotransferase (E.C. 2.6.1.1);
ALP - alkaline phosphatase (EC 3.1.3.1); GGT - gamma-glutamyltransferase
(EC 2.3.2.13)

in different quadrants (Fig. 1B). The control group was
set well aggregated in quadrant » and CH group in
quadrant d. The other groups fed microalga-based diets
supplemented with exogenous CAZymes, were located
more dispersed in quadrants ¢ (CHR) and a (CHM).

Discussion
In the present study, the dietary incorporation of (10%
C. vulgaris, supplemented or not with the two feed
CAZyme mixtures, Rovabio and the four-CAZyme mix-
ture described by Coelho et al. [17], has no significant
effects on productive parameters and, therefore, does
not compromise growth performance of broilers. These
findings partially agree with the literature because, so
far, most of the studies in poultry nutrition are focused
in the use of C. vulgaris as supplement (< 2% in diet) [2,
23]. Previous reports observed that low incorporation
levels (0.07-1.25%) of Chlorella in broilers promotes a
decrease of FCR with no influence in ADG [24, 25]].
Similarly, Dlouha et al. [26] and Kang et al. [27] de-
scribed a positive effect on ADG without changes on
feed/gain ratio and FCR with supplementation of Chlor-
ella sp. in broiler chicken diets during 42 and 28 days,
respectively. Thus, it seems that the level of C. vulgaris
inclusion in the diet and the duration of the experimen-
tal trial impact broilers performance. Herein, the supple-
mentation of 10 % C. vulgaris with the two exogenous
CAZymes does not seem to be necessary in the response
of broilers to productive parameters.

Plasma biochemical parameters are a useful tool for
assessing metabolic changes in organs and tissues. Even
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though plasma lipid profile was largely affected by the
dietary treatments, our results does not confirm the
findings of Kotrbacek et al. [28], who reported that diet-
ary Chlorella biomass did not affect plasma TAG and
cholesterol concentrations in laying hens. Likewise, An
et al. [29] found that blood parameters, including albu-
min, total protein, AST, total cholesterol, HDL choles-
terol and triacylglycerols, were not altered by dietary
treatments in broiler chickens. Lately, Abdelnour et al.
[23] showed that blood total protein and HDL-
cholesterol of broilers can be positively affected by
addition of low amounts (0.5-1.0% of the diet) of C. vul-
garis biomass to feed. Here, the concentration of total
protein also increased with the incorporation of C. vul-
garis at high-level (10 %) in broiler diets, individually or
combined with both mixtures of exogenous CAZymes.
However, the increment in cholesterol transport of LDL
promoted by this microalga, and even more in associ-
ation with exogenous CAZymes, was not countered by
reverse cholesterol transport of HDL, increasing the ra-
tio total cholesterol/HDL-cholesterol. Moreover, total
lipids, total cholesterol and VLDL-cholesterol were
higher in broilers fed C. vulgaris supplemented with
both exogenous CAZymes. Data suggest that C. vulgaris,
at this high level (10%), might enhance the intestinal ab-
sorption of dietary lipids. Thus, the present study does
not corroborates the well-established cholesterol- and
lipid-lowering properties of Chorella [30]. Although the
mechanism of the hypocholesterolemic effect are still
unclear, it seems that Chlorella enhances cholesterol ca-
tabolism through the up-regulation of hepatic choles-
terol 7a-hydroxylase expression [31]. In addition,
Chlorella may inhibit the intestinal absorption of excess
cholesterol from the diet and to enhance faecal steroid
excretion, and thus, preventing hypercholesterolemia
[32]. Animal and human trials have been shown an
ameliorative effect on plasma lipid profiles [33, 34] upon
supplementation of Chlorella, which can be ascribed to
a decrease in intestinal tract fat absorption [35]. Zheng
et al. [20] found lower TAG levels in laying hens supple-
mented with fermented C. vulgaris. The former authors
hypothesised that the reason for the decreased plasma
TAG concentration of laying hens was the inhibition of
hepatic fatty acid synthesis and triacylglycerol produc-
tion. Previous studies have shown that the nutritional
composition of C. vulgaris may contribute to their ef-
fects on mitigating metabolic alterations through differ-
ent mechanisms [36, 37]. Several algae-derived bioactive
compounds, like lipids, antioxidants, pigments, vitamins
and polysaccharides are known to have beneficial effects
on human and animal health [38-40]. In contrast, here,
data suggest that both feed carbohydrate-degrading en-
zymes (Rovabio and the pre-selected four-CAZyme mix-
ture) were effective to hydrolyse C. vulgaris cell wall
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polysaccharides that changed fibre gut profile, thus redu-
cing its anti-hyperlipidaemic activity. To date, animal
studies have investigated the potential hypoglycaemic ef-
fect of Chlorella and the mechanisms by which Chlorella
might exert protection against diabetes [41, 42]. In the
current study, glucose was found decreased with C. vul-
garis when combined with the four-CAZyme mixture,
suggesting a positive effect on glycemia homeostasis.
The aforementioned studies [41, 42] reported that the
intake of low levels of Chlorella, in normal and induced-
diabetic mice and insulin resistant rats, respectively,
might lower the plasma glucose but affects the insulin
secretion capacity very slightly or not at all. Therefore,
further experiments are required to clarify the
hypoglycaemic effect of Chilorella and to elucidate the
effective doses that are responsible for the positive effect
on insulin sensitivity. The antidiabetic effect of Chlorella
has been linked to the action of Chlorella-derived com-
ponents, including polysaccharides [43, 44]. Also, C. vul-
garis has been reported to have antioxidant properties
and even to aid detoxification. It is well established that
hepatocytes are in the frontline against oxidative damage
[45]. Even though growing evidence from animal and
human studies suggests that C. vulgaris can be a promis-
ing hepatoprotective agent, the results are still contro-
versial, as recently reviewed by Yarmohammadi et al.
[46]. Herein, none of the aminotransferases enzymes
(AST and ALT) was affected by dietary inclusion of 10 %
C. vulgaris, supplemented or not with both exogenous
CAZymes. In contrast, Abdelnour et al. [23] reported a
decrease of 23 % in the levels of liver enzymes in broilers
supplemented with dietary C. vulgaris compared to the
control birds. In the present study, ALP and GGT activ-
ities changed in the opposite direction, while ALP levels
increased in broilers fed microalga supplemented with
the four-CAZyme mixture, the GGT levels significantly
decreased. Regarding indicators of renal function, cre-
atinine kept unchanged whereas urea reached the high-
est value with C. vulgaris incorporation. The discrepancy
in response to hepatic and renal biomarkers in different
trials could be partly ascribed to the dosage and source
of microalga, as well as experimental period duration
and conditions. Overall, plasma biochemical parameters
enabled broilers to be assigned into their experimental
diets with good accuracy, which are well distributed by
the four quadrants, as shown by the discriminant
analysis.

Liver is the hub of cholesterol synthesis and fatty acid
oxidation. Moreover, de novo lipogenesis occurs essen-
tially in both liver and adipose tissue [47]. Hepatic total
lipids and total cholesterol concentrations as well as the
majority of individual fatty acids identified were not af-
fected by the incorporation of 10% C. vulgaris in diets
nor by the supplementation with the exogenous
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CAZymes. However, C16:1¢7 and C20:31-3 increased
about 1.7-fold and 1.5-fold, respectively, in broilers fed
C. vulgaris compared with the control group. In
addition, the n-6/n-3 ratio showed a significant reduc-
tion, of about 18%, in microalga-fed animals compared
to the control group, which indicates that CH diet, in
general, promoted an increase in the concentration of #-
3 PUFA in broiler liver. Our results agree with those
conducted by Zheng et al. [20], who analysed the effect
of dietary fermented C. vulgaris on growth performance,
liver lipids and intestinal microflora of laying hens. The
former authors found only a significant effect in triacyl-
glycerols, without no differences for cholesterol and
phospholipids. Later, Gatrell and colleagues [48] using
different levels of incorporation of defatted green micro-
alga Nannochloropsis oceanica biomass observed an in-
crease of C20:51-3 and C22:6x-3 fatty acids, as well as in
the sum of n-3 PUFA, accompanied with a decrease of
the n-6/n-3 ratio in liver of broilers. It is well known that
Nannochloropsis oceanica presents a superior concentra-
tion of n-3 PUFA when compared with C. vulgaris.
Hence, defatted green microalga Nannochloropsis ocea-
nica promoted more extensive variations in liver lipids
than those obtained herein by dietary incorporation of
C. vulgaris in broilers. Tao et al. [49] also documented
an increase of #-3 PUFA and a decrease of the n-6/n-3
ratio in liver with the inclusion of 10% of defatted N.
oceanica biomass in chicken diet. This enrichment of
liver in #-3 PUFA has been associated with the downreg-
ulation of PUFA oxidation—related gene expression, at-
tenuated lipid peroxidation and enhanced antioxidant
activities [49].

The influence of dietary incorporation of C. vulgaris,
supplemented or not with exogenous CAZymes, on hep-
atic levels of vitamin E and pigments was also explored.
a-Tocopherol was the major vitamin E homologue in all
groups fed with the experimental diets, while y-
tocopherol was present at lower concentrations, which
strongly agrees with diet composition. Tao et al. [49]
also documented no changes on hepatic a-tocopherol
levels of broilers through the incorporation of 10% defat-
ted N. oceanica, probably due to similar vitamin E con-
tent in both microalgae [50, 51]. C. vulgaris is also rich
in pigments, such as chlorophylls and carotenoids, due
to the photosynthetic pathway [52, 53]. f-carotene con-
tent, a precursor of vitamin A, increased about 3.7-fold
in liver of broilers fed C. vulgaris alone, whereas total ca-
rotenoids increased about 4.5-fold in all microalga
groups. These results agree with previous researches,
which observed a consistent increase of lutein and total
carotenoids in liver of laying hens fed with conventional
or lutein-enriched Chlorella [54, 55]. Although the diet-
ary inclusion of 10% C. vulgaris did not allow an in-
crease in hepatic vitamin E, the raise of p-carotene and
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total carotenoids contents in liver is a key indicator of
its bioavailability from diets. Hence, C. vulgaris is an ex-
cellent source of antioxidant compounds, like a-
tocopherol and carotenoids, which are known to coun-
terbalance oxidative stress and promote animal health
[56].

Conclusions

Collectively, data indicate that C. vulgaris incorporated
as a feed ingredient (10%) in broiler diets improves liver
composition but negatively affects systemic lipemia,
without impairing, in general, animal health and growth
performance. Moreover, the supplementation of diets
with the exogenous CAZymes are no needed at this in-
clusion level of C. vulgaris. Although these results indi-
cate the viability of C. vulgaris as feedstock in poultry
nutrition, further experiments are required to confirm
these findings under different experimental conditions,
including other percentages of C. vulgaris incorporation
in the diet, in order to determine the minimal effective
dose for a positive effect on biochemical metabolites and
lipid metabolism. Future work should also elucidate the
molecular mechanisms involved in lipid metabolic
changes.

Methods

Recombinant four-CAZyme mixture production

The pre-selected recombinant four-CAZyme mixture is
composed by exo-B-glucosaminidase, alginate lyase, pep-
tidoglycan N-acetylmuramic acid deacetylase and lyso-
zyme, which in a concentration of 20 mg/L exhibits
1.21 g/L of reducing sugars released upon a 20 g/L of C.
vulgaris suspension as subtract [17]. The genes encoding
the four recombinant CAZymes, which composed the
enzyme mixture, were cloned using the procedure de-
scribed by Coelho et al. [17]. Succinctly, the generated
recombinant plasmids were used to transform BL21
Escherichia coli cells that were grown on Luria-Bertani
media until reach the mid exponential phase (0.4—0.6 of
absorbance at A = 595 nm). In order to induce recombin-
ant gene expression, isopropyl [B-d-thiogalactoside was
added. The induction of protein expression occurred
with incubation of BL21 cells overnight and, after ultra-
sonication of cells, centrifugation and freeze dried, the
four-CAZyme protein extracts were mixed in equivalent
weight amounts at a final level of 0.01%.

Animals, feeding protocol and sampling

The experimental procedures were carried out at the fa-
cilities of Instituto Superior de Agronomia (ISA, Univer-
sidade de Lisboa), reviewed by the Ethics Commission of
CIISA (EMV) and approved by the Animal Care Com-
mittee of the National Veterinary Authority (DGAV,
Portugal), following the ARRIVE guidelines and the
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European Union legislation (2010/63/EU Directive). One
hundred and twenty Ross 308 male birds were raised in
40 wired-floor cages. Each cage was 66 x 66 cm. All birds
were kept in a thermostatically controlled room with
constant light. Environmental temperature was moni-
tored continuously, which gradually decrease from 31 °C
(day 0) to 21 °C (day 22) and remained constant until
the end of the trial. The experimental design was per-
formed with 10 replicate pens per treatment, with 3
birds per pen. Before the beginning of the trial, birds re-
ceived a corn-based diet during 21 days. After an accli-
mation period, one of the four isocaloric and
isonitrogenous diets were randomly allocated to each
pen: (1) corn-soybean meal based diet (control); (2)
based diet with 10% of C. vulgaris supplied by Allmi-
croalgae (Natural Products, Portugal) (CH); (3) diet 2
with 10% of C. vulgaris supplemented with 0.005% of
the commercial CAZyme cocktail Rovabio Excel AP
from Adisseo (Antony, France), containing predomin-
antly endo-1,4-pB-xylanase 22,000 viscosity unit/g and
endo-1,3(4)-B-glucanase 30,000 viscosity unit/g (CHR);
and (4) diet 2 with 10% of C. vulgaris supplemented with
0.01% of a pre-selected four-CAZyme mixture, contain-
ing exo-p-glucosaminidase, alginate lyase, peptidoglycan
N-acetylmuramic acid deacetylase and lysozyme, as
mentioned above (CHM). The experimental period
lasted from day 21 to day 35. Table 6 shows the ingredi-
ents of the experimental diets. During the experiment,

Table 6 Ingredients and additives of the experimental diets (%
as fed basis)

Experimental diets

Ingredients Control CH CHR CHM
Corn 56.0 555 555 555
Soybean meal 370 26.5 265 26.5
Soybean oil 360 4.14 4.14 414
Sodium chloride 0330 0330 0.330 0330
Calcium carbonate 1.06 1.00 1.00 1.00
Dicalcium phosphate 144 1.50 1.50 1.50
DL-Methionine 0.280 0.360 0.360 0.360
L-Lysine 0.000 0.370 0370 0.370
Vitamin-mineral premix' 0.300 0.300 0.300 0.300
Chlorella vulgaris powder - 100 10.0 100
Rovabio” Excel AP - - 0.005 -

Mix of 4 CAZymes - - - 0.010

The broilers were fed: (1) a corn-soybean based diet (Control); (2) the based
diet plus 10 % C. vulgaris (CH); (3) diet 2 supplemented with 0.005 % Rovabio”
Excel AP; and (4) diet 2 supplemented with 0.01 % of a pre-selected four-
CAZyme mixture (CHM)

! Premix provided the following nutrients per kg of diet: pantothenic acid

10 mg, vitamin D3 2400 U, cyanocobalamin 0.02 mg, folic acid 1 mg, vitamin
K3 2 mg, nicotinic acid 25 mg; vitamin Bg 2 mg, vitamin A 10,000 Ul, vitamin
B; 2 mg, vitamin E 30 mg, vitamin B, 4 mg, Cu 8 mg, Fe 50 mg, | 0.7 mg, Mn
60 mg, Se 0.18 mg, Zn 40 mg
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feed was provided daily and birds were weighed weekly.
ADFI, ADG and FCR were determined for animal per-
formance evaluation. After 35 days of trial, one bird per
experimental unit was euthanised using electrical stun-
ning followed by exsanguination, according to commer-
cial abattoirs standard procedures. Blood samples were
collected from the jugular vein and centrifuged at 1500 g
for 15 min to obtain plasma. Liver samples were vacuum
packed and stored at -20 °C, until total lipids, total chol-
esterol, fatty acid composition, pigments and diterpene
profile analyses.

C. vulgaris and experimental diets analyses

The proximate composition of C. vulgaris and experi-
mental diets was analysed according to AOAC [57]
methods. Dry matter (DM) was calculated from samples
dried at 103 °C until constant weight. Crude protein of
microalga and diets was determined by the Kjeldahl
method using the nitrogen (N) content and the factor
6.25. The ash content and crude fat of samples were de-
termined through the AOAC method 942.05 [57] and by
automatic Soxhlet extraction with petroleum ether (Ger-
hardt Analytical Systems, Konigswinter, Germany), re-
spectively. Gross energy was determined by the
complete combustion of samples in an adiabatic bomb
calorimeter (Parr 1261, Parr Instrument Company,
Moline, IL, USA).

Fatty acid methyl esters (FAME) composition of C.
vulgaris and experimental diets was analysed by gas
chromatography, after extraction and acid transesterifi-
cation, using heneicosaenoic acid (C21:0) methyl ester as
the internal standard. The diterpene profile of samples
was determined by HPLC according to Prates et al. [58].
The quantification of pigments in samples was per-
formed as described by Teimouri et al. [59], with slight
modifications of Pestana et al. [60] using the equations
of Hynstova et al. [61]. Table 7 presents the chemical
composition of C. vulgaris and the experimental diets.

Plasma biochemical assays

Biochemical analyses of the collected plasma were per-
formed to determine lipid profile, glucose, urea, creatin-
ine, total protein and liver function markers. The
determination of glucose concentrations, triacylglycerols
(TAG), wurea, creatinine, total cholesterol, HDL-
cholesterol, LDL-cholesterol and total protein, alanine
aminotransferase (ALT, EC 2.6.1.2), aspartate amino-
transferase (AST, EC 2.6.1.1), alkaline phosphatase (ALP,
EC 3.1.3.1) and gamma-glutamyltransferase (GGT, EC
2.3.2.13) were performed in a Modular Hitachi Analyt-
ical System (Roche Diagnostics, Mannheim, Germany),
through diagnostic kits (Roche Diagnostics). VLDL-
cholesterol and total lipids were calculated by Friedewald
et al. [22] and Covaci et al. [21] formulas, respectively.
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Table 7 Chemical composition of Chlorella vulgaris and experimental diets

Microalga Experimental Diets

Item C. vulgaris Control CH CHR CHM
Energy, kcal ME/kg as fed basis 4586 4614 4627 4650 4615
Proximate composition, % as fed basis

Dry matter 93.1 89.0 89.6 89.3 864
Crude protein 428 19.9 204 19.8 19.1
Crude fat 873 6.59 7.56 763 741
Ash 18 560 6.08 6.21 6.13

Estimated available limiting amino acid composition, % as fed basis

Arginine 3.89 142 1.08 1.08 1.08
Histidine 0.65 0.55 043 043 043
Isoleucine 126 1.04 0.78 0.78 0.78
Leucine 245 1.81 144 144 144
Lysine 263 113 1.1 1.1 m
Methionine 045 0.60 061 061 061
Phenylalanine 149 1.13 0.87 0.87 087
Threonine 232 0.79 0.60 0.60 0.60
Tryptophan 047 0.29 0.22 0.22 022
Valine 352 1.12 0.86 0.86 0.86

Fatty acid profile, % total fatty acids

C140 1.10 0.10 0.14 0.14 0.19
C160 172 124 126 126 132
C16:1¢9 390 0.09 095 098 1.15
C180 3.00 277 283 281 299
C18:1c9 17 216 221 226 232
[@EATall 0.00 1.35 163 1.58 181
C18:2n-6 1.2 505 473 480 465
C183n-3 101 524 547 5.58 562
C20:0 0.20 033 032 033 033
C20:1c11 0.10 0.22 0.25 0.23 0.27

Diterpene profile, ug/g

a-Tocopherol 19.2 10.5 422 124 202
a-Tocotrienol nd.’ 1.29 594 3.00 275
B-Tocopherol 0.34 044 098 0.52 0.66
y-Tocopherol + B-tocotrienol 0.52 16.2 268 14.7 193
y-Tocotrienol 0.56 2.50 7.60 392 336
&-Tocopherol 036 2.00 444 2.79 290

Pigments, ug/g

(3-Carotene 198 nd. 836 373 45.1
Chlorophyll @' 906 067 307 339 200
Chlorophyll b 171 090 9.3 104 400
Total chlorophylls® 1077 157 404 444 240
Total carotenoids” 228 361 102 108 477
Total chlorophylls + Carotenoids® 1305 5.17 505 552 288

The broilers were fed: (1) a corn-soybean based diet (Control); (2) the based diet plus 10 % C. vulgaris (CH); (3) diet 2 supplemented with 0.005 % Rovabio” Excel AP; and (4)
diet 2 supplemented with 0.01 % of a pre-selected four-CAZyme mixture (CHM)

DM - dry matter; ME - metabolized energy; n.d. - not detected

* Co-eluted with a-tocopherol

T Ca=11.24 X Ags — 2.04 X Agss

2 Cb=0.13 X Agas —4.19 X Ags>

3 Ca+b=7.05 X Agsr + 18.09 X Agss

4 Cx+c = (1000 x As70 —1.90 x Ca —63.14 x Cb) /214

(Ca+b) + (Cx+0)
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Analysis of total cholesterol and diterpenes in liver

The determination of total cholesterol, -carotene and
vitamin E homologues in liver samples was done using
the protocol of Prates et al. [58]. After saponification
and extraction with n-hexane, liver samples, in duplicate,
were analysed by HPLC (Agilent 1100 Series, Agilent
Technologies Inc., Palo Alto, CA, USA). Total choles-
terol and B-carotene were detected by UV-Vis detection
(A =202 nm and X =450 nm, respectively) while tocoph-
erols and tocotrienols by fluorescence (excitation A = 295
nm and emission A =325 nm). Quantification of total
cholesterol and diterpenes in liver samples was per-
formed using standard curves of peak area versus
concentration.

Analysis of pigments in liver

The determination of pigments was carried out as
mentioned above for experimental diets, according to
Teimouri et al. [59] with slight modifications by
Pestana et al. [60]. The simultaneous extraction of
pigments was performed by incubation of liver sam-
ples with acetone overnight (Merck KGaA, 249 Darm-
stadt, Germany). Then, samples were centrifuged and
the absorbance of the supernatants were measured by
UV-Vis spectrophotometry (Ultrospec 3100 pro,
Amersham Biosciences, Little Chalfont, UK). The
amount of pigments in liver samples was calculated
as described by Hynstova et al. [61].

Analysis of total lipids and fatty acid composition in liver
Total lipids were determined, in duplicate, gravimetri-
cally from lyophilised (-60 °C and 2.0 hPa, lyophilizator
Edwards Modulyo, Crawley, UK) liver samples according
to Folch et al. [62]. Fatty acids were converted to FAME
by sequential alkaline and acid transesterification and
analysed by gas chromatography (HP7890A Hewlett-
Packard, Avondale, PA) as described in Alfaia et al. [63].
Identification of FAME was based on the reference
standard FAME mix 37 components (Supelco Inc.),
which was confirmed by gas chromatography coupled
with mass spectrometry using a GC-MS QP2010-Plus
(Shimadzu, Kyoto, Japan). Heneicosanoic acid (C21:0)
methyl ester was the internal standard used for the
quantification of FAME. The fatty acids identified were
expressed as the percentage of total fatty acids.

Data analysis

The normal distribution and variance homogeneity were
checked for all data using Shapiro—Wilk test and
Levene’s test, respectively. Data were analysed by
ANOVA using the PROC GLM of SAS software package
(version 9.4; SAS Institute Inc., Cary, NC, USA). The
dietary treatment (Control, CH, CHR and CHM) was
the only source of variation (fixed effect). For feed intake
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and feed conversion ratio parameters, cage within each
treatment was the experimental unit, whereas for blood
and hepatic measurements, bird within each treatment
was the experimental unit. Statistical differences among
experimental diets were evaluated by least square means
generated using the PDIFF option adjusted with Tukey-
Kramer. The significance level was set at p <0.05. In
addition, a principal component analysis (PCA) was per-
formed with the parameters measured in plasma and
liver samples using the Statistica program (version 8.0;
TIBCO software, Palo Alto, CA, USA).
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