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Simple Summary: Chlorella vulgaris (CV) is a microalgae of great interest for broiler production, due
to its nutritional and functional properties. Currently, expensive bioprocessing steps are used to
acquire the functional components that could achieve the desired biofunctionality of CV, in particular
to maintain productivity and support health in broilers. This makes CV an expensive feed ingredient
that can only be used in low inclusion levels, otherwise the cost of the feed is too high. However, it is
not clear whether low CV inclusion levels have positive effects on broiler production and immune
response. This study investigated whether the addition of CV biomass, at a low inclusion level
of 0.8%, to broiler diets maintained the functional properties of microalgae and improved broiler
productive performance. We found that the addition of 0.8% CV biomass affects the immune response,
and has positive effects on the overall productive performance of broilers.

Abstract: An experiment was performed to study the effects of a low inclusion level of Chlorella vulgaris
(CV) biomass in broiler diets on performance, immune response related to inflammatory status, and the
intestinal histomorphology. The study was performed with 120 Ross 308 male broiler chickens from
0–35 days of age. The broilers were housed in 12 floor pens (1.5 m2) bedded with wood shavings. The
broilers received a three phase diet program, either with 0.8% CV biomass (CV) or without CV (CON).
Each diet program was replicated in six pens. The final body weight increased (p = 0.053), and the feed
conversion ratio (FCR), corrected for body weight, was reduced (p = 0.02) in birds fed CV compared to
birds fed CON. In addition, decreased haptoglobins (p = 0.02) and interleukin-13 (p < 0.01) responses
were observed during the grower phase of birds fed CV compared to the birds fed CON. A strong
correlation (r = 0.82, p < 0.01) was observed between haptoglobin response and FCR. Histomorphology
parameters of the jejunum were not different between the groups. It was concluded that the inclusion of
0.8% CV biomass in broiler diets is effective in influencing immune responses related to inflammatory
status and promoting broiler growth.

Keywords: broiler chicken; Chlorella vulgaris; haptoglobin; immune response; interleukin-13;
histomorphology

1. Introduction

Chlorella vulgaris (CV), a species of unicellular freshwater microalgae, is of interest
for broiler production, mainly due to its nutritional properties [1–3]. The quantitative and
qualitative macro- and micronutrient composition of CV makes it a relevant ingredient for
broiler diets [4,5]. Chlorella vulgaris generally contains more than 50% protein [6] and can
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be used in broiler diets as a partial or complete substitute for protein sources, such as fish
meal (up to 5%) and soybean meal (up to 10%), without negative effects on weight gain or
the feed conversion ratio (FCR) [2,7]. Based on these characteristics, CV clearly qualifies
as a feasible ingredient in broiler diets [8,9], but high levels of CV are not economically
viable [10], and the indigestible cell wall might prevent access to valuable nutrients [9].
Further, CV is attractive to feed producers due to its environmental impact. It provides an
environmentally friendly alternative to traditional crop-based feed ingredients, as it does
not compete for the same land area used for food production, and also serves as a natural
sink for carbon dioxide [11].

In addition to providing ‘strict-nutritional’ components, CV also provides ‘non-strict-
nutritional’ or functional properties [12]. Biochemical constituents such as carotenoids,
β-glucan, phenolic compounds, phytosterols, and peptides in CV are reported to confer
immune-modulatory properties, antioxidant activity, and support gut tissue regeneration,
along with improved productive performance, in livestock [2,5,13–17]. However, expensive
bioprocessing steps are required to acquire these functional components of CV. Animal
nutritionists aim to use low doses of CV products, such as polysaccharides or protein
extract from bioprocessing steps of the biomass, primarily to keep the cost of a CV-based
diet comparable to current feed formulations for broiler chickens. A study shows that the
inclusion of 1% CV product in a broilers diet could replace antibiotics in the feed, along
with having an impact on the gut microbiota composition that promotes the health and
productivity of broiler chickens [18]. However, it is desirable to include CV biomass in
broiler diets as an alternative to expensive CV products. Unlike CV products, no complex
and expensive bioprocessing steps are required to obtain CV biomass. Researchers show
that adding fermented CV [19], or dried or fresh CV powder [4,18], at a dosage of 1–2%
into broiler diets improves growth performance, modulates immune response, and affects
the intestinal tissue morphology in broilers. These studies [18,19] confirm the use of CV
biomass at low dosages in broiler diets, which confers the functional properties attributed
to CV products in other studies [2,5,13–17,20]. It is economically valuable for farmers to use
CV biomass at even lower dosages, if the functional properties are conserved. Therefore,
the aim of this study was to investigate whether the inclusion of 0.8% CV dried, powdered
biomass alters productive performance, immune responses related to inflammatory status,
and the intestinal histomorphology in broiler chickens.

2. Materials and Methods
2.1. Animals, Design of Experiment and Housing

The study was approved by the animal welfare body at Wageningen University & Re-
search (WUR; experiment number 2016.D-0065.013) and the Dutch Central Committee of
Animal Experiments (The Hague, The Netherlands; protocol number AVD401002015196). All
procedures were carried out according to the guidelines of the European Council Directive
2010/63. The study was performed over 35 days with 120, one-day old Ross 308 male broiler
chicks obtained from a commercial hatchery (Probroed & Sloot hatchery, Meppel, The Nether-
lands). The broilers were housed in 12 floor pens of 1.5 m2 bedded with white wood shavings.
These pens were located in two rooms of the mechanically ventilated animal facility of WUR,
Lelystad, The Netherlands.

The broiler chickens were randomly divided into two dietary treatment groups, i.e.,
0.8% CV biomass (CV) or without CV biomass (CON). Each dietary treatment was replicated
six times, with a floor pen as an experimental unit, resulting in 6 pens of 10 birds per dietary
treatment evenly allocated per room (3 CV and 3 CON pens per room).

The ambient temperature upon arrival of the one-day old chicks to the experimental
facility was 34 ◦C, which was gradually reduced by 1 ◦C until day 7; thereafter, the
ambient temperature was gradually reduced to 21 ◦C by day 28, and this temperature was
maintained until the end of the experiment. Artificial light, with an intensity of 20 lux,
was provided throughout the experimental period, with continuous light (24 L:0 D) for the
first two days. From day 3 until the end of the experiment, a day/night schedule of 18 h
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light and 6 h dark (18 L:6 D) was maintained. The birds were vaccinated against infectious
bronchitis (Nobilis®IB MA5, Intervet, Boxmeer, The Netherlands) on arrival, and against
Newcastle disease (Nobilis®ND clone30, spray vaccination coarse drop, Intervet, Boxmeer,
The Netherlands) on day 14.

2.2. Chlorella Vulgaris Biomass

The CV was cultured and biomass was provided by Phycom (Veenendaal, The Nether-
lands). The CV culture was axenic, i.e., not contaminated with other microorganisms, and
was grown in a closed environment. After harvesting, the water was separated, creating
an algae paste. The algae paste was then dried by a drum dryer. The drying temperature
and speed were optimized to maintain the nutritional profile of the microalgae. The dried
microalgae were then ground to a fine powder and immediately packed in a light-proof
and airtight package. The nutritional composition of the CV biomass is presented in
Supplementary Table S1.

2.3. Diets and Feeding

All diets were formulated to meet or exceed the Centraal Veevoeder Bureau recom-
mendations for broiler chickens [21]. The birds were fed a 3-phase customized isocaloric
(based on metabolizable energy) diet, with a similar digestible essential amino acid profile
per feeding phase: starter (day 0–14), grower (day 14–28), and finisher phase (day 28–35).
In all phase diets, the birds received either 0.8% CV biomass (CV) included in the diet,
or no CV (CON). The ingredients and chemical compositions of the experimental diets
are presented in Supplementary Tables S2 and S3. During the whole experimental period,
the birds had ad libitum access to the experimental feed provided in feeding troughs, and
water via nipple drinkers (three nipples/pen).

2.4. Broiler Performance

The body weight (BW) of the birds was measured per pen on days 14, 28, and 35.
Total feed intake per pen was determined as provided feed minus remaining feed for each
feeding phase, and for the whole experimental period.

Daily body weight gain (dBWG) per bird was calculated as follows:

dBWG = [(BW end period/n) − (BW start period/n)]/number of days (1)

where n is the number of birds at the start or end of the period.
The feed conversion ratio (FCR) for each phase, and for the whole experimental period,

was calculated as follows:

FCR = total feed intake period/(BW end period − BW start period) (2)

Daily feed intake (dFI) per bird for each phase, and for the whole experimental period,
was calculated as follows:

dFI = (FCR × BWG)/number of days (3)

Over the whole experimental period, the FCR, corrected at a standard weight of 2250
g (FCRcorrected), was calculated. The FCRcorrected is a metric that allows the comparison
of feed conversion ratio for a same weight [22–24]. It is useful to normalize FCR when
differences of body weight occur, as the FCR is sensible to body weight differences. The
correction used was 0.02 FCR points per 100g weight difference. The FCRcorrected was
calculated as follows:

FCRcorrected = FCR0–35 − ((BW35 − 2250)/50 × 100)) (4)
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where FCR0-35 represents the FCR over the whole experimental period and BW35 represents
the final body weight at the end of the 35 days. All performance indicators were averaged
by dietary treatment.

2.5. Immune Responses

Two birds per pen (n = 12 per diet) were color marked based on their BW. These
corresponded with the pen’s average BW on the first day of sampling (day 14). On days 14
and 21, blood samples were collected from the wing veins of the marked birds and serum
was extracted. Blood samples were collected in sterile Vacuette tubes containing Z serum
separator clot activator (Greiner Bio-One B.V., Alphen aan den Rijn, The Netherlands),
and the tubes were gently inverted and allowed to clot for at least 30 min. All tubes were
centrifuged at 2200× g for 15 min at 20 ◦C and serum was extracted. The serum were stored
at −20 ◦C for further analysis of the immune markers haptoglobin (Hap), interleukin-13
(IL-13), and interferon-gamma (IFN-γ). These immune markers were measured in the serum
samples using the Haptoglobin ELISA kit (CHK011) (ABclonal via Diversified Biotech B.V.,
Ulvenhout, The Netherlands), Chicken IFN-γ ELISA kit (ABIN1563358), and Chicken IL-13
ELISA kit (ABIN1563404) (both from Elabscience via Antibodies-online, Aachen, Germany).
Manufacturers protocols were followed to measure the concentrations levels. Briefly, Hap
concentrations were measured using colorimetry with electromagnetic radiation absorbance
at 450 nm, based on the competitive ELISA of an Hap-Horseradish peroxidase conjugate.
For IFN-γ and IL-13, concentrations were measured using a sandwich-ELISA principle,
with biotinylated detection antibody specific for the cytokines and Avidin-Horseradish
peroxidase conjugate. The measured immune responses were calculated at individual
levels, using area under the curve (AUC) between day 14 and 21, according to the method
of the trapezoidal rule [25].

2.6. Intestinal Histomorphology

On day 14, two birds were randomly selected per pen (n = 12 per diet) and euthanized
by electrocution. Immediately after euthanasia, the gut was dissected. Briefly, about 5–10
cm anterior to Meckel’s diverticulum was marked as the sampling site to obtain jejunal
tissue. To preserve the micro-architecture of the villi and crypts, 1–2 mL of 4% buffered
formaldehyde solution was injected right next to the sampling site, and 2 cm long segments
were collected. The collected samples were then fixed and stored in vials containing 4%
formaldehyde solution, and the vials were kept at room temperature until further analysis.
Intestinal histomorphology was assessed by Gezondheidsdienst voor Dieren B.V. (Royal
GD, Deventer, The Netherlands). Briefly, formalin-fixed tissues were dehydrated in a
graded series of ethanol, cleared in xylene, and embedded in paraffin wax. For each
segment, a 2 µm cross-section was made using a microtome, and stained according to the
hematoxylin–eosin method. Images were viewed using a light microscope (Olympus BX41)
connected to an Olympus DP26 camera, in order to measure morphometric parameters
using Olympus cellSens Dimension software version 1.12. The villus length and crypt
depth were measured from 10 intact and well defined villi and adjacent crypt for each tissue
section. To determine the villus length, the distance between the tip of the villus to the
villus–crypt junction was measured, and for crypt depth, the distance from the villus–crypt
junction to the lower limit of the crypt. The average values of these measurements per tissue
section were used in the statistical analysis. Furthermore, from the same slides, the number
of goblets cells were counted and the total area of all these goblets cells, expressed in µm2,
was measured. For each slide the total goblet cell area was expressed as a percentage of the
villus area, and the average goblet cell size was determined per villus.

2.7. Statistical Analysis

Diet effect was analyzed using the Student’s t-test on all the measures and calculated
metrics of this trial. Normality was assessed using the Shapiro–Wilk test, and the ho-
moscedasticity by visual inspection of the residual vs. fitted plot. For growth performance,
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the pen was the experimental unit (n = 6 per diet). For immune parameters and histomor-
phology, individual birds were the experimental unit (n = 12 per diet). Interleukin-13 and
IL-13 AUC were log transformed, as distributions were not normal, as was haptoglobin
on day 14. To examine any relationship between immune parameters and feed efficiency,
Pearson correlation was performed with R software [26] separately between the average
value of Hap or IL-13 AUCs per pen, and the FCR per pen for the whole experimen-
tal period (day 0 to 35). A p-value < 0.05 was defined as a significant threshold, and a
p-value < 0.1 was considered as trend threshold (indicating tendency).

3. Results

The effects of feeding a 0.8% dried powdered CV-based diet on growth performance,
immune response, and the intestinal morphology of broiler chickens in the grower phase
are summarized in Table 1.

Table 1. Dietary effect of feeding either a control (CON) or Chlorella vulgaris (CV)-based diet 1 on
growth performance, immune response, and intestinal morphology of broiler chickens.

Measured Parameters CON CV p-Value 2

Performance parameters 3 of broilers during day 0–14

G
ro

w
th

pe
rf

or
m

an
ce

BW start (g) on day 0 46.9 ± 1.0 47.1 ± 0.6 0.70
BW end (g) on day 14 481.4 ± 34.6 482.9 ± 39.2 0.95

dBWG (g/d) 31.0 ± 2.5 31.1 ± 2.8 0.96
FCR (g/g) 1.21 ± 0.01 1.21 ± 0.02 0.76
dFI (g/d) 41.6 ± 3.2 41.8 ± 3.8 0.91

Performance parameters 3 of broilers during day 14–28
BW start (g) on day 14 481.4 ± 34.6 482.9 ± 39.2 0.95
BW end (g) on day 28 1738.6 ± 85.4 1787.3 ± 73.9 0.36

dBWG (g/d) 90.1 ± 5.1 93.3 ± 3.3 0.27
FCR (g/g) 1.38 ± 0.02 1.36 ± 0.02 0.30
dFI (g/d) 123.9 ± 6.2 127.2 ± 4.4 0.35

Performance parameters 3 of broilers during day 28–35
BW start (g) on day 28 1738.6 ± 85.4 1787.3 ± 73.9 0.36
BW end (g) on day 35 2509.5 ± 75.9 2606.3 ± 63.2 0.05

dBWG (g/d) 110.1 ± 7.9 117.0 ± 6.2 0.16
FCR (g/g) 1.69 ± 0.10 1.65 ± 0.08 0.52
dFI (g/d) 185.2 ± 8.1 192.3 ± 5.3 0.13

Performance parameters 3 of broilers during the whole experimental period (day 0–35)
BW start (g) on day 0 46.9 ± 1.0 47.1 ± 0.6 0.70
BW end (g) on day 35 2509.5 ± 75.9 2606.3± 63.2 0.05

dBWG (g/d) 70.4 ± 2.2 73.1 ± 1.8 0.05
FCR (g/g) 1.47 ± 0.02 1.45 ± 0.02 0.23
dFI (g/d) 103.2 ± 4.0 106.1 ± 3.4 0.25

FCRcorrected 4 (g/g) 1.39 ± 0.02 1.42 ± 0.02 0.02

Area under the curve (AUC) of haptoglobin and interleukin-13 (IL-13) 5 during grower phase

Im
m

un
e

re
sp

on
se

Haptoglobin AUC
((ng/mL) × days) 13.1 ± 2.8 10.4 ± 2.5 0.02

IL-13 AUC ((pg/mL) × days) 6 8.4 ± 2.3 5.1 ± 1.9 <0.01

Haptoglobin and IL-13 concentrations 7 on day 14
Haptoglobin (ng/mL) 2.3 ± 0.8 1.8 ± 0.6 0.09 8

IL-13 (pg/mL) 61.8 ± 63.7 8.5 ± 5.2 <0.01 8

Haptoglobin and IL-13 concentrations on day 21
Haptoglobin (ng/mL) 1.4 ± 0.3 1.2 ± 0.3 0.06

IL-13 (pg/mL) 18.2 ± 16.8 18.6 ± 19.0 0.41 8
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Table 1. Cont.

Measured Parameters CON CV p-Value 2

Jejunal morphology 7 on day 14

In
te

st
in

al
m

or
ph

ol
og

y

Villi length (µm) 679.0 ± 70.5 642.4 ± 97.5 0.32
Crypt depth (µm) 174.7 ± 17.7 186.3 ± 28.4 0.27

V:C 9 ratio 4.0 ± 0.4 3.6 ± 0.7 0.15
Villi size area (µm2) 95,878 ± 14,203 88,178 ± 13,977 0.21

Goblet cell surface area
(% of villi) 2.0 ± 0.6 2.1 ± 0.8 0.85

Goblet cells per villi 197.3 ± 78.1 178.3 ± 66.5 0.54
Goblet cell size (µm2) 10.6 ± 2.6 10.1 ± 1.1 0.62

1 Diet containing 0.8% CV dried powdered biomass. 2 p-value < 0.05 were considered significant and highlighted
in bold. 3 Data are presented as mean with standard deviation (n = 6 pens per group). 4 FCRcorrected = FCR0–35 −
((BW35 − 2250)/50 × 100)). 5 Data are presented as mean with standard deviation (n = 12 birds per group). 6 Based
on logarithmic transformation of IL-13 figures to normalize distribution. 7 Data are presented as mean with standard
deviation (n = 12 birds per group; samples were taken from two birds per pen; each pen is an experimental unit).
8 Original values are presented here but logarithmic values were used for test as distributions were not normal. 9 Villi
length to crypt depth.

3.1. Production Performances

The effects of CV inclusion in diet on BW, dBWG, FCR, dFI, and FCRcorrected, over the
whole experimental period, are presented in Table 1. The final BW increases in the CV
group by 3.9%, compared to the CON group (p = 0.053). A similar trend is also reflected
in the dBWG over the whole experimental period (+3.8% in the CV group compared to
CON group, p = 0.053). The average dFI and FCR over the whole experimental period do
not differ significantly between the dietary treatments (p = 0.25 and p = 0.23, respectively).
However, the FCRcorrected is significantly reduced in the CV group compared to the CON
group (1.39 vs. 1.42; p = 0.02). There were no significant effects on BW, dBWG, FCR and dFI
between the CV and CON groups during each individual phase.

3.2. Immune Responses

Haptoglobin and IL-13 AUC between day 14 and 21 are presented in Table 1. The
calculated AUC for haptoglobin is significantly reduced by 20.90% (p = 0.02), while the cal-
culated AUC for IL-13 is significantly reduced by 39.10% in the CV group compared
to CON group (p < 0.01). Haptoglobin and IL-13 concentrations on days 14 and 21
are presented in Table 1. The haptoglobin concentration on day 14 is reduced by 22%
(p = 0.09), and on day 21 is reduced by 14% in the CV group compared to CON group
(p = 0.06). Interleukin-13 on day 14 is significantly reduced by 86% (p < 0.01), and on
day 21 is not significantly changed in the CV group compared to CON group (p = 0.41).
Furthermore, the correlations calculated indicate a significant strong correlation between
haptoglobin AUC and FCR (Figure 1a) (r = 0.82, p < 0.01), but not between IL-13 AUC and
FCR (r = 0.17, p = 0.61) (Figure 1b).

3.3. Histomorphology

The histomorphology characteristics, measured on day 14, of jejunum in birds fed
CON or CV diets are presented in Table 1. Measured values for villi length (p = 0.32), crypt
depth (p = 0.27), villi/crypt (V:C ratio) (p = 0.15), villi size (p = 0.21), goblet cell surface area
(p = 0.85), goblet cells per villi (p = 0.54), and goblet cell size (p = 0.62) do not differ between
CON and CV groups.
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Figure 1. Correlation between measures of immune response and feed conversion ratio (FCR) over
the whole experimental period (day 0 to 35). (a) Haptoglobin AUC against feed conversion over
the whole experimental period, (b) Interleukin-13 AUC against feed conversion over the whole
experimental period. r, Pearson correlation coefficient; p, p-value.

4. Discussion

The aim of this study was to investigate the effects of CV dried powdered biomass, at
a dosage of 0.8%, on production performance, immune response related to inflammatory
status, and the intestinal histomorphology of broiler chickens.

In our study, pens of 1.5 m2 were used, housing 10 broilers each. Theis number of
birds is not comparable to practice, where the number of birds and stocking density are
much higher. The stocking density in this study (approx. 13.9 kg/m2) is much lower
compared to broiler farm regulations (39–42 kg/m2). However, this study aimed to assess
the physiological and biological effects of CV, not test its applicability in practical conditions.

The inclusion of CV biomass in broiler diets during the 35 days of the trial tended
to improve the final BW of the birds. This result is in agreement with most previous
studies, in which inclusion of less than 1% of biomass from CV improved the BW of the
birds [4,18,27,28], with the exception of one study [29]. Thus, our results confirm positive
effects of CV biomass at a low dose on broiler BW. However, in the present study, FCR
was not affected by CV diet. This result is in agreement with [18,27,28] but not with [4,29],
where FCR was reduced. The discrepant results could be due to several reasons, such
as differences in the microalgae strain, inclusion level, and variations in experimental
design in the conducted trials. Researchers often correct the FCR for weight differences and
calculate the corrected FCR, which provides a reliable comparison of dietary treatments at
the same body weight [22–24]. In our case, the corrected FCR was reduced in the CV group,
indicating that the trend of higher body weight gain is due to better feed efficiency. Thus,
our study confirms that the CV-based diet has a positive effect on productive performance,
even when the CV biomass is supplied at a low level. Considering the low quantity of
nutrients supplied by the CV biomass in the broiler diets, it can be assumed that these
are the functional properties of CV biomass that are responsible for the better production
performance [5,14]. To determine whether CV biomass has functional effects at low doses,
immune response and the intestinal morphology were studied during the grower phase in
order to gain insight into the mechanisms involved in growth.

We reported the effect of CV biomass at low levels in broiler chickens on the acute
phase protein Hap, and pro-inflammatory cytokines IFN-γ and IL -13, based on the evidence
of immunomodulatory effects of CV observed in broiler chickens [18], mice [30], and in
in vitro studies [31]. It is likely that the beneficial effects of diet on performance in later
life in broiler chickens have a carry-over effect from the impact of the dietary treatment
on (gut) health, in particular on the immune system during the (critical) early post-natal
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rearing period of broilers chickens [32]. Due to the short lifespan of broiler production
practices, it is easier and faster to study the effects of CV on the whole productive cycle of
early life events. Taking this advantage, we focused on evaluating the impact of a CV-based
diet on broiler chickens on the immune response, by measuring concentration levels of
serum inflammatory markers on day 14 and day 21 of this feeding trial, as compared to
FCR calculated from 0-35 d. The undetectable IFN-γ level in both groups confirms the
absence of a strong inflammatory response mounted by the birds throughout the feeding
trial, as IFN-γ typically responds to acute and short-term high-potency stimuli, such as
pathogens or exposure to potent immunogens [33,34]. To the best of our knowledge, this
is the first report in which broiler chickens fed CV biomass show a suppressed response
of Hap and IL-13. However, the suppressed production of IL-13 is in agreement with
other studies conducted on mice [35] and humans [36] treated with CV products. The
reason for of the reduction of Hap and Il-13 response in serum could be a direct effect of
various bioactive components in microalgae on immune cells, such as xantophylls [37,38],
phytosterols [38,39], PUFA [40], peptides [41], and polysaccharides [20].

In chickens, an activated immune system requires a supply of nutrients from the diet,
thus, limiting the supply for productivity, which negatively affects BWG and FCR [42,43].
For example, stressors such as an unbalanced diet, dysbiosis, and disease divert nutrients
from the diet from growth to immunity, to negate the stressor. During stress, nutrients
such as amino acids, normally used for growth and productivity in broiler birds, are
directed to immune cells to promote the production of immune proteins that induce
cytokines and acute phase proteins in the liver, including Hap [44,45]. The strong correlation
between FCR and haptoglobin in broiler chickens suggests that birds fed CV biomass elicit
a favorable immune response that allows metabolism to be adjusted to an efficient mode of
nutrient utilization, in which nutrients and energy expenditure are directed toward growth
and productivity. However, no correlation was found between FCR and IL-13 response,
suggesting that IL-13 does not have a major impact on broiler performance. These results
suggest that lower inclusion rates of CV biomass influence immunity in a manner that
supports broiler productive performance. It is important to understand such nuances of
nutrition and immunity, in order to optimize bird health and productivity, as this can go
a long way in meeting consumer demands for more natural production, and improved
animal welfare [45].

In this study, we also measured structural changes in intestinal morphology by histo-
morphology of jejunum on day 14. We hypothesize that this measure may partially reflect
intestinal functionality, which could be altered by CV inclusion, and, similarly to immune
response, we consider the beginning of the grower phase a critical phase for the lifespan of
broilers. Jejunum is considered the main site of nutrient uptake from the diet, with villus
height providing an estimate of the surface area available for nutrient uptake, and crypt
depth providing an indication of the rate of villus renewal. In addition, goblet cells are
secretory cells that produce mucin to form a protective mucus layer. In this study, the
histomorphology of broilers fed CV biomass was not altered compared to CON fed broilers.
Other researchers report a significant increase in villus height and/or crypt depth in broilers
fed CV [15,46], but the diets contained CV products, and not CV biomass. Moreover, in the
reported experiments, intestinal morphology was performed on tissue samples collected at
the later age of broilers fed with CV, i.e., 35 days [46] and 42 days [15], and in the case of
Kang et al. (2017) [46], morphology analysis was performed in the ileal section, and not in
the jejunum as in our case. Thus, to conclude that CV biomass is less effective on intestinal
morphology than CV product is too speculative. However, the similar morphology of
the jejunum in broiler chickens fed the experimental diets suggests that the improved
growth performance in the present study is not due to better nutrient absorption. The latter
supports the hypothesis that CV biomass improves broiler performance by alleviating the
immune system, rather than by improving nutrient uptake.
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5. Conclusions

In conclusion, the inclusion of 0.8% of CV biomass in broiler diets has a significant
effect on bird immunity, and improves body weight by day 35, with significantly improved
FCRcorrected. These benefits of CV biomass suggest that immune function related to inflam-
matory status is maintained at low inclusion levels, and that could eventually improve the
competitiveness and economic prospects of CV as a sustainable feed additive for broiler diets.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ani12091114/s1, Table S1: Nutrient composition of the Chlorella vulgaris
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of the starter, grower, and finisher phase of the trial; Table S3: Control (CON) and Chlorella vulgaris (CV)
diet calculated nutrient compositions of the starter, grower, and finisher phase of the trial.

Author Contributions: Conceptualization, M.v.K. and S.K.K.; formal analysis, S.R., S.-J.K., A.M. and
S.K.K.; funding acquisition, M.v.K. and S.K.K.; investigation, J.v.H.; methodology, A.M., J.v.H. and
S.K.K.; writing—original draft, S.R., S.-J.K. and S.K.K.; writing—review & editing, S.R., S.-J.K., A.M.,
J.v.H. and S.K.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Phycom B.V., LTO Noord and Pluimveebelangenfonds, The
Netherlands and supported by TKI-grant LWV-19253 (Agri &Food The Netherlands. Phycom B.V.,
LTO Noord, Stichting Fonds voor Pluimveebelangen, and TKI-grant LWV-19253 did not play a role
in data collection and analysis, or in the preparation of the manuscript.

Institutional Review Board Statement: The study was approved by the animal experimentation
board at Wageningen University & Research (WUR) (experiment number 2016.D-0065.013) and the
Dutch Central Committee of Animal Experiments (The Hague, The Netherlands; protocol number
AVD401002015196). All procedures were carried out according to the guidelines of the European
Council Directive 2010/63.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank the animal caretakers of Wageningen BioVeteri-
nary Research in Lelystad for their excellent care and conduction of the broiler trial.

Conflicts of Interest: The authors declare that they have no competing interests.

References
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24. Szőllősi, L.; Béres, E.; Szűcs, I. Effects of modern technology on broiler chicken performance and economic indicators—A Hungarian
case study. Ital. J. Anim. Sci. 2021, 20, 188–194. [CrossRef]

25. Le Floch, J.-P.; Escuyer, P.; Baudin, E.; Baudon, D.; Perlemuter, L. Blood Glucose Area Under the Curve: Methodological Aspects.
Diabetes Care 1990, 13, 172–175. [CrossRef]

26. R Core Team. R: A Language and Environment for Statistical Computing. Available online: https://www.r-project.org/ (accessed
on 20 February 2022).

27. Choi, H.; Jung, S.K.; Kim, J.S.; Kim, K.W.; Oh, K.B.; Lee, P.Y.; Byun, S.J. Effects of dietary recombinant chlorella supplementation
on growth performance, meat quality, blood characteristics, excreta microflora, and nutrient digestibility in broilers. Poult. Sci.
2017, 96, 710–716. [CrossRef] [PubMed]

28. El-Bahr, S.; Shousha, S.; Shehab, A.; Khattab, W.; Ahmed-Farid, O.; Sabike, I.; El-Garhy, O.; Albokhadaim, I.; Albosadah, K. Effect
of Dietary Microalgae on Growth Performance, Profiles of Amino and Fatty Acids, Antioxidant Status, and Meat Quality of
Broiler Chickens. Animals 2020, 10, 761. [CrossRef] [PubMed]

29. Rezvani, M.; Zaghari, M.; Moravej, H. A survey on Chlorella vulgaris effect’s on performance and cellular immunity in broilers.
Int. J. Agric. Sci. Res. 2012, 3, 9–15.

30. An, H.; Rim, H.; Jeong, H.; Hong, S.; Um, J.; Kim, H. Hot water extracts of Chlorella vulgaris improve immune function in
protein-deficient weanling mice and immune cells. Immunopharmacol. Immunotoxicol. 2010, 32, 585–592. [CrossRef] [PubMed]

31. Hulst, M.; Van der Weide, R.; Hoekman, A.; Van Krimpen, M. Transcriptional response of cultured porcine intestinal epithelial
cells to micro algae extracts in the presence and absence of enterotoxigenic Escherichia coli. Genes Nutr. 2019, 14, 1–15. [CrossRef]

32. Ao, Z.; Kocher, A.; Choct, M. Effects of Dietary Additives and Early Feeding on Performance, Gut Development and Immune
Status of Broiler Chickens Challenged with Clostridium perfringens. Asian-Australas. J. Anim. Sci. 2012, 25, 541. [CrossRef]

33. Akdis, M.; Burgler, S.; Crameri, R.; Eiwegger, T.; Fujita, H.; Gomez, E.; Klunker, S.; Meyer, N.; O’Mahony, L.; Palomares, O.; et al.
Interleukins, from 1 to 37, and interferon-γ: Receptors, functions, and roles in diseases. J. Allergy Clin. Immunol. 2011, 127, 701–721.e70.

34. Asasi, K.; Mohammadi, A.; Boroomand, Z.; Hosseinian, S.A.; Nazifi, S. Changes of several acute phase factors in broiler chickens
in response to infectious bronchitis virus infection. Poult. Sci. 2013, 92, 1989. [CrossRef]

35. Kuwahara, N.; Yamaguchi, M.; Tanaka, A.; Ohta, S.; Uno, T.; Uchida, Y.; Manabe, R.; Jinno, M.; Hirai, K.; Miyata, Y.; et al.
Inhibitory Effects of Chlorella Extract on Airway Hyperresponsiveness and Airway Remodeling in a Murine Model of Asthma.
Showa Univ. J. Med. Sci. 2019, 31, 1–12. [CrossRef]

36. Ewart, H.S.; Bloch, O.; Girouard, G.S.; Kralovec, J.; Barrow, C.J.; Ben-Yehudah, G.; Suárez, E.R.; Rapoport, M.J. Stimulation of
Cytokine Production in Human Peripheral Blood Mononuclear Cells by an Aqueous Chlorella Extract. Planta Med. 2007, 73,
762–768. [CrossRef] [PubMed]

37. Choi, C.I. Astaxanthin as a peroxisome proliferator-activated receptor (PPAR) modulator: Its therapeutic implications. Mar. Drugs
2019, 17, 242. [CrossRef] [PubMed]

http://doi.org/10.5713/ajas.2012.12352
http://www.ncbi.nlm.nih.gov/pubmed/25049540
http://doi.org/10.3390/md17060312
http://doi.org/10.1007/s10811-020-02093-5
http://doi.org/10.14334/wartazoa.v30i3.2523
http://doi.org/10.1016/j.psj.2020.11.034
http://www.ncbi.nlm.nih.gov/pubmed/33518146
http://doi.org/10.3382/japr.2012-00622
http://doi.org/10.5713/ajas.2011.11273
http://www.ncbi.nlm.nih.gov/pubmed/25049560
http://doi.org/10.1007/s10811-020-02301-2
https://www.cvbdiervoeding.nl/pagina/10081/downloads.aspx
https://www.cvbdiervoeding.nl/pagina/10081/downloads.aspx
http://doi.org/10.1590/1806-9061-2016-0346
http://doi.org/10.1016/j.aninu.2018.12.002
http://doi.org/10.1080/1828051X.2021.1877575
http://doi.org/10.2337/diacare.13.2.172
https://www.r-project.org/
http://doi.org/10.3382/ps/pew345
http://www.ncbi.nlm.nih.gov/pubmed/27697932
http://doi.org/10.3390/ani10050761
http://www.ncbi.nlm.nih.gov/pubmed/32349360
http://doi.org/10.3109/08923971003604778
http://www.ncbi.nlm.nih.gov/pubmed/20128656
http://doi.org/10.1186/s12263-019-0632-z
http://doi.org/10.5713/ajas.2011.11378
http://doi.org/10.3382/ps.2012-02902
http://doi.org/10.15369/sujms.31.1
http://doi.org/10.1055/s-2007-981544
http://www.ncbi.nlm.nih.gov/pubmed/17611933
http://doi.org/10.3390/md17040242
http://www.ncbi.nlm.nih.gov/pubmed/31018521


Animals 2022, 12, 1114 11 of 11

38. Le Goff, M.; Le Ferrec, E.; Mayer, C.; Mimouni, V.; Lagadic-Gossmann, D.; Schoefs, B.; Ulmann, L. Microalgal carotenoids and
phytosterols regulate biochemical mechanisms involved in human health and disease prevention. Biochimie 2019, 167, 106–118.
[CrossRef]

39. Ciliberti, M.G.; Albenzio, M.; Francavilla, M.; Neglia, G.; Esposito, L.; Caroprese, M. Extracts from microalga chlorella sorokiniana
exert an anti-proliferative effect and modulate cytokines in sheep peripheral blood mononuclear cells. Animals 2019, 9, 45.
[CrossRef] [PubMed]

40. Chou, Y.-C.; Prakash, E.; Huang, C.-F.; Lien, T.-W.; Chen, X.; Su, I.-J.; Chao, Y.-S.; Hsieh, H.-P.; Hsu, J.T.-A. Bioassay-guided
purification and identification of PPARα/γ agonists fromChlorella sorokiniana. Phyther. Res. 2008, 22, 605–613. [CrossRef]

41. Li, Y.; Lammi, C.; Boschin, G.; Arnoldi, A.; Aiello, G. Recent Advances in Microalgae Peptides: Cardiovascular Health Benefits
and Analysis. J. Agric. Food Chem. 2019, 67, 11825–11838. [CrossRef]

42. Buzala, M.; Janicki, B. Review: Effects of different growth rates in broiler breeder and layer hens on some productive traits. Poult.
Sci. 2016, 95, 2151–2159. [CrossRef]

43. Yu, K.; Choi, I.; Yun, C.-H. Immunosecurity: Immunomodulants enhance immune responses in chickens. Anim. Biosci. 2021, 34,
321–337. [CrossRef]

44. O’Neill, L.A.J.; Kishton, R.J.; Rathmell, J. A guide to immunometabolism for immunologists. Nat. Rev. Immunol. 2016, 16, 553–565.
[CrossRef]

45. Klasing, K.C. Nutrition and the immune system. Br. Poult. Sci. 2007, 48, 525–537. [CrossRef] [PubMed]
46. Kang, H.K.; Park, S.B.; Kim, C.H. Effects of dietary supplementation with a chlorella by-product on the growth performance,

immune response, intestinal microflora and intestinal mucosal morphology in broiler chickens. J. Anim. Physiol. Anim. Nutr. 2017,
101, 208–214. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biochi.2019.09.012
http://doi.org/10.3390/ani9020045
http://www.ncbi.nlm.nih.gov/pubmed/30704147
http://doi.org/10.1002/ptr.2280
http://doi.org/10.1021/acs.jafc.9b03566
http://doi.org/10.3382/ps/pew173
http://doi.org/10.5713/ab.20.0851
http://doi.org/10.1038/nri.2016.70
http://doi.org/10.1080/00071660701671336
http://www.ncbi.nlm.nih.gov/pubmed/17952723
http://doi.org/10.1111/jpn.12566
http://www.ncbi.nlm.nih.gov/pubmed/27859673

	Introduction 
	Materials and Methods 
	Animals, Design of Experiment and Housing 
	Chlorella Vulgaris Biomass 
	Diets and Feeding 
	Broiler Performance 
	Immune Responses 
	Intestinal Histomorphology 
	Statistical Analysis 

	Results 
	Production Performances 
	Immune Responses 
	Histomorphology 

	Discussion 
	Conclusions 
	References

