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ARTICLE INFO ABSTRACT

Keywords: This study aimed to evaluate the dietary supplementation of Nannochloropsis oculata (N. oculata) microalgae in
Eicosapentaenoic acid different levels (1-, 2-, 3-, 4-, and 5- g/100 g dry matter (DM)) on the kinetics of gas production (GP), methane
Fermentation (CH4) production, dry matter apparent digestibility, volatile fatty acids (VFA), and microbial population by in
xf::ﬁ;iznlc archaea vitro method. The findings of this study indicated that adding N. oculata at levels of 1-5 g/100 g DM did not have

an impact on GP at different incubation hours. However, a diet with 5 g/100 g DM N. oculata resulted in a
consistent increase in GP rate (part ¢) compared to the control treatment (P < 0.0001). Supplementing of N.
oculata to the diet decreased the CHy4 production (P < 0.001), methane to gas production ratio in 24 h (P <
0.0001), protozoa population (P < 0.002), total VFA (P < 0.005), Fibrobacter succinogenes, Ruminococcus flave-
faciens, Prevotella spp., Anaerovibrio lipolytica, and Butyrivibrio proteoclasticus, and increased the partitioning
factor (P < 0.0001), pH (P < 0.001), Ruminococcus albus, Butyrivibrio fibrisolvens, B. fibrisolvens, S. ruminantium,
and fungi population (P < 0.0001). The addition of N. oculata did not impact on the levels of dry matter di-
gestibility, ammonia nitrogen, acetate, propionate, and butyrate. However, this study demonstrated that
N. oculata effectively decreased methane production and the presence of methanogenic archaea by more than 3
g/100 g DM in the diet. Therefore, N. oculata can be considered as a beneficial biological supplement for reducing
methane emissions in animal feed. Nevertheless, further experiments are required to determine the optimal
supplementation level for practical application.

Rumen Microbial community

1. Introduction renewable energy sources has become imperative [3]. Microalgae have

emerged as a potential solution, offering benefits such as animal feed,

Microalgae can be classified as photoautotrophic unicellular or
multicellular microorganisms that have a size of less than 400 pm.
Recent studies focusing on using microalgae biomass as a supplement for
feeding livestock that produces food for humans have presented a
promising approach towards enhancing human health [1,2]. With the
growing global population and the rising need for energy, exploring
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medicinal properties, and an alternative fuel source [4,5]. Recently,
researchers have shown a growing interest in employing microalgae as a
feed additive [7,8]. As a result, in most studies conducted so far, biomass
or algae extract has not been considered as a primary food source, but
rather as an addition to feed rations [9]. According to recent research,
the feed industry accounts for 30 % of global algae production. The
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predominant species include Schizochytrium sp., Chlorella sp., Arthrospira
sp., Isochrysis galbana (I. galbana), and Porphyridium sp [8,10-14].The
consumption of microalgae worldwide is steadily increasing. The
incorporation of small quantities of microalgae biomass into animal feed
can enhance the animals’ physiology, boosting immune response, dis-
ease resistance, antiviral and antibacterial activity, intestinal function,
and promoting probiotic colonization [10]. Microalgae are a food source
that has been less commonly used to feed ruminants. Based on the
structural and compositional characteristics of algal biomass, ruminants
should be expected to be suitable consumers for them, as they should be
able to break even the wall of unprocessed algal cells due to their unique
digestive system [15]. In addition, ruminants can use complex poly-
saccharides and non-protein eukaryotic nitrogen. However, adverse ef-
fects on ruminal fermentation have been reported using microalgae in
feed [8,14].

However, it is noteworthy that some researchers’ results show that
using some microalgae species as animal feed reduces the production of
greenhouse gases [16] and methane [12-14]. Salehian et al. [8] re-
ported that varying levels of the I. galbana microalgae led to a significant
reduction in methane emission in vitro method, without adversely
impacting feed digestibility. In the recent century, controlling and
reducing the amount of methane emission and greenhouse gases pro-
duced and its importance has increased. The results of various reports
show that ruminants have an influential role in CH4 emission. Therefore,
the use of healthy food products and their study on their impact on
animal health, nutritional value, and reduction of CH4 emission by
livestock is critical.

The N. oculata microalgae contain protein, providing essential amino
acids [17] and polyunsaturated fatty acids (PUFA) with omega-3,
especially eicosapentaenoic acid (EPA) [18,19]. Additionally, the
N. oculata microalgae are known for their high nutritional value; how-
ever, there is insufficient information regarding their effect on rumen
function [11]. Therefore, the main purpose of this experiment was to
investigate the effect of supplementing N. oculata at different levels to
the diet on the kinetics of GP, CH4 emission, VFA, bacterial, fungal, and
protozoa populations in vitro method.

2. Materials and methods

The present research was conducted in the Animal Research Station
of Agriculture College of Urmia University, Urmia, Iran. The research
protocol was approved by the Animal Care and Use Committee of Urmia
University.

2.1. Microalgae preparation and chemical composition analysis

The N. oculata microalgae was prepared by the Artemia and Aqua-
culture Research Institute of Urmia University [20]. The methods of
AOAC (2000) [6] were used to determine the dry matter (DM), ash, and
crude protein (CP). Total fat was determined according to Bligh and
Dyer (1959) [21], using methanol and chloroform in an ultrasonic water
bath.

2.2. In vitro fermentation experiment

Three rumen-fistulated Holstein bulls weighing 640 + 10 kg were
used for rumen fluid collection. All of the animals used in this experi-
ment were maintained according to the Guide for the Care and Use of
Farm Animals in Animal Science Research [22]. Animals were fed
individually, twice a day, with a fully mixed ration to provide metabo-
lizable energy to the extent of 120 % of maintenance requirements of the
NRC [23]. Throughout the experiment, the animals had free access to
drinking water and with mineral-vitamin supplements. Total mixed
ration samples were prepared with incremental levels of N. oculata
replaced with soybean meal (control, no algae supplement; 1-5 g/100 g
DM for treatments 1 to 5, respectively). The chemical composition of
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N. oculata is shown in Table 1.

Invitro, the gas production technique was conducted in two runs and
three replicates in each run [24] using a digital pressure gauge [25]. The
ingredients and chemical composition of the experimental diet used in
the in vitro experiment were reported in Table 1. Cumulative gas pro-
duction kinetics and corresponding parameters were recorded during
two separate runs. In each of the runs, three laboratory replications were
used for each of the experimental diets (n = 3). The rumen contents were
collected from both the liquid and the solid phase and handled from
three fistulated cows fed on a diet containing alfalfa hay and concentrate
after morning feeding [24]. Collected rumen fluid was filtrated through
four layers of cheesecloth and transported to the laboratory by (39 °C)
insulated flasks. The experimental diet was milled (Wiley mill) to pass
through a 1 mm screen and 500 mg of diet was weighed into incubation
flasks. Fifty mL of the incubation medium was dispensed anaerobically
into 120 mL screw caps vials. The ratio of rumen fluid to buffer medium
was 1:2 (v/v). The cumulative volume of produced gas was estimated
using gas pressure with pressure transducers at 2, 4, 8, 10, 12, 24, 48, 72,
96, 120, and 144 h of incubation. The volume of gas produced in the
bottles containing feed samples at any time was calculated by the
regression relationship between gas volume and pressure. The Mit-
scherlich model [26] was used for fitting the data.

GP=A(1-e—c(T—L)) )

where GP is the cumulative gas production at a given time (mL); A is the
potential cumulative gas production (mL); c is the gas production rate
(mL/h); T is the time of fermentation (h); and L is the lag time (h).

Separate incubation flasks were considered for methane and
fermentation parameter determination after 24 h of incubation. The CH4
production was determined by analyzing the headspace collected gas
after 24 h of incubation from three bottles in each run. Headspace gas
was sampled with gas-tight syringes (Hamilton, Reno, NV, USA), and 30
pL of each gas sample was injected into a gas chromatograph (Agilent
6820 series; Agilent Technologies Inc., Santa Clara CA) equipped with a
thermal conductivity detector and an HP-PLOT Q capillary column
(Agilent Technologies Inc.) as described by Patra et al. [27]. The ratio of
CH4 production to total GP (mL of CH4 production/mL total gas 24 h)
and CH4 production per g of true digested organic matter (TDOM; mL/g
TDOM) was also calculated.

After headspace gas sampling, incubation flasks were opened, and
pH was measured (Schott Titrator Titroline easy) To measure the
counting of protozoa population under a light microscope, three sub-
samples from each of the incubation bottles were filtrated through
four layers of cheesecloth and were fixed with 50 % formalin solution
and stained with methylene blue. Cheese-cloth filtered incubation media
[28]. Samples for VFA profiling were collected after centrifugation of
the incubation media at 4000 g for 15 min. Supernatants were acidified
by sulphuric acid and kept at —20 °C until further analysis. A gas
chromatograph (6820, Agilent Technologies, Santa Clara, CA) equipped
with an HP-FFAP column (J&W HP-FFAP GC Column, 30 m, 0.25 mm,
0.25 pm, 7-in cage, Agilent) was used to determine the effects of
microalgae supplementation on rumen VFA concentration. The injection
site and detector temperature were set at 250 °C and 300 °C, respec-
tively. The column temperature was programmed to rise 20 °C/min from
60 to 200 °C and hold at the final temperature for 10 min. Nitrogen was
used as a carrier gas with a flow of 1 mL/min. Samples were automat-
ically injected at a 50:1 split ratio.

Fatty acid profiles of the dried microalgae samples were also deter-
mined as described in Folch et al. [29]. For fatty acid analysis, an Agilent
6890 gas chromatograph (Agilent Technologies, Santa Clara, California,
United States) equipped with an autoinjector (Agilent 7683 series, Santa
Clara, California, United States) and FID detector was used.

To measure the apparent digestibility coefficients, bottle contents
were filtered through an ash-less filter paper and placed in a forced air
oven at 80 °C for 48 h. Filter paper remaining materials were corrected
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Table 1

Ingredients and chemical composition of diets.
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Ingredients, g/100 g DM

Levels of N. oculate, g/100 g DM

Control 1

Alfalfa hay 50.5 50.5
Corn silage 16.6 16.6
Barley 25 25
Soybean meal 4 3.4
N. oculata microalgae 0 1
Calcium carbonate 1 1
Calcium phosphate 0.5 0.5
Multivitamin 1 1
Salt 1 1
Chemical composition
Metabolizable energy, Mcal 4.7 4.8
NDF 34.5 34.3
CP 16.54 16.54
Ash 11 11
Fat 2.4 2.8
N. oculata composition

CP {Fat NDF tAsh

37 39.05 4.3 12

2 3 4 5
50.5 50 50 50
16.6 16.6 16.6 16.6
25 25 25 25

3 2.4 2.4 2

2 3 4 5

1 1 1 1

0.5 0.5 0.5 0.5

1 1 1 1

1 1 1 1

4.9 4.96 5.03 5.1
34.1 33.9 33.8 33.6
16.54 16.54 16.54 16.54
11 11 11 11
3.3 35 3.9 4.3
1SFA +1UFA +MUFA +1PUFA
28.2 70.9 28.9 41.1

CP: Crude protein.

NDF: Neutral detergent fiber.

t: §/100g DM.

11: g/100 g FA.

SFA: Saturated fatty acids.

UFA: Unsaturated fatty acids.
MUFA: Monounsaturated fatty acids.
PUFA: Polyunsaturated fatty acids.

for corresponding blanks. The partitioning factor (PF) was calculated
from the ratio of true digested organic matter (TDOM) to GP at 24 h of
incubation [30]. The NH3-N concentration was also measured by the
method of Broderick and Kang [31].

2.3. Microbial population

2.3.1. DNA extraction, real time-PCR analyses

After 24 h of incubation, a uniform aliquot (2 mL) of the syringe’s
contents was transferred to an Eppendorf tube and kept at —80 until
DNA extraction; Total DNA extraction was done using phenol and
chloroform followed by saline-alcohol precipitation [32,33]. Extracted
DNA was solubilized in sterile Tris-EDTA, processed using DNase-free
RNase, and purified Using DNA Clean and Concentrator™-25, ZYMO
(CORP. Irvine, USA. RESEARCH) due to manufacturer’s manual. The
yield purity of extracted DNA and RNA was assessed using a Nanodrop
Spectrophotometer (Thermo-Fisher Scientific, Wilmington, USA); The
different microbial groups were determined in the samples using an
SYBR green rtPCR assay; Characterization of the Primers used for PCR
amplification of total bacteria, total fungi, methanogenic archaea, major
cellulolytic, amylolytic, and proteolytic bacteria was shown in Table 2;

Table 2

Primer design characteristics used for PCR amplification of rumen microorganisms.

Quantification of the target gene was performed on microbial DNA using
a Step One apparatus (Biosystems® 7500 Real-Time PCR); Reactions
were run in triplicate in 48-well plates, using PCR master mixtures (final
volume of 20 pL) containing 2 pL of primer pairs (4 P mol/pL from each
of forward and reverse primer), 10 pL of SYBR mix (Fermentas, Cat. No:
K0221), 4 pL of PCR water and 4 pL of DNA solution (20 ng of DNA).
Negative controls without templates were run in each assay to assess
overall specificity; PCR conditions were as follows: one cycle of 10 min
at 95 °C, 40 PCR cycles of 15 s at 95 °C, 10 s at the annealing temper-
ature of the primers, and 60 s at 72 °C. Plates read every 0.1 °C from
55 °C to 95 °C for drawing melting curves, and then the reactions were
ended with an extension of 5 min at 72 °C. The populations of target
bacteria/microbial groups were expressed relative to the total bacterial
populations; The comparative cycle threshold (Ct) method (2722CY was
calculated by subtracting Ct of the target gene from the Ct value of the
reference gene (16S rDNA of total bacteria at 24 h) [34].The shifts in
microbial communities due to the supplementation of different levels of
GTEE were determined by taking the microbial population in the Con-
trol group as 100 [35].

FO- Primer

GTG STG CAY GGY TGT CGT CA
CAYGTCTAAGTATAAATAACTAC
GAGGAAGTAAAAGTCGTAACAAGGTTTC

Total bacteria
Total protozoa
Total fungi

Methanogens CCGGAGATGGAACCTGAGAC

F. succinogenes GGTATGGGATGAGCTTGC

R. albus GTTTTAGGATTGTAAACCTCTGTCTT
R. flavefaciens TCTGGAAACGGATGGTA

A. lipolytica TGGGTGTTAGAAATGGATTCC
B. fibrisolvens TAACATGAGTTTGATCCTGGCTC
B. proteoclasticus TCCTAGTGTAGCGGTGAAATG
M. elsdenii GACCGAAACTGCGATGCTAGA
Prevotella spp. CACGGTAAACGTGGAT

P. ruminicola GGTTATCTTGAGTGAGTT

S. ruminantium TGCTAATACCGAATGTTG

S. bovis TGTTAGATGCTTGAAAGGAGCAA

RE - Primer Annealing temperature
GAG GAA GGT GKG GAY AC GT 60
CTCTAGGTGATWWGRTTTAC 61
CAAATTCACAAAGGGTAGGATGATT 60
CGGTCTTGCCCAGCTCTTATTC 60
GCCTGCCCCTGAACTATC 62
CCTAATATCTACGCATTTCACCGC 60
CCTTTAAGACAGGAGTTTACAA 62
CTCTCCTGCACTCAAGAATT 59
CGTTACTCACCCGTCCGC 62
TTAGCGACGGCACTGAATGCCTAT 62
CGCCTCAGCGTCAGTTGTC 60
GGT CGG GTTGCA GAC C 57
CTGATGGCAACTAAAGAA 55
TCCTGCACTCAAGAAAGA 53
CGCCTTGGTGAGCCGTTA 60
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2.4. Calculations and statistical model

In this study, 3 experimental replications were used for each treat-
ment (each replication was made with one of the microalgae production
replications). To compare the effect of different levels of N. oculata on
the VFA profile and microbial population, a completely randomized
design (Equation No. 2) was used to analyze in a GLM procedure (SAS,
9.4) [36]. The averages of intra-run and inter-run replications in each
experimental replication were used for statistical comparison. Cumula-
tive gas production kinetics were analyzed as repeated measures and the
effect of incubation time (h) and the interaction of incubation time and
treatment was considered in the statistical model (Equation No. 3). Data
were analyzed in a mixed model procedure and first order
variance-covariance structure was chosen based on the smallest
Schwarz’s Bayesian information criterion [36]. Tuckey corrected the
least square means were compared for possible statistically significant
differences by the PDIFF option. Data were reported in the tables as least
square means and corresponding SEM. A regression analysis was also
done to determine linear or quadratic effects of incremental levels of
microalgae in diets.

Yi=p+Ti+e 2
ij =p+ T + Itj + (T X It)ij + €jj 3)

where, Yi: observation i, p: average of all observations, Tj: effect of
treatment, It;: effect of incubation time; TIt;;: interaction effect of incu-
bation time and type of processing, and e;;: experimental error effect.

3. Results
3.1. Gas production

The results obtained from this research showed that different levels
of N. oculata in diet did not affect the volume of gas production (Fig. 1).

As shown in Table 3, the gas production potential of the insoluble
fraction (coefficient b) was not affected by supplementing of N. oculata
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and the gas production rate constant (coefficient c) in treatment 5 was
the highest amount (Table 3; P < 0.0001). The coefficient b and coef-
ficient ¢ have a linear and quadratic response to incremental levels of
N. oculata supplementation (P < 0.0001).

3.2. Methane production and rumen fermentation parameters

N. oculata caused a significant decrease in CH4 production and the
CH4 production to the produced gas in 24 h of incubation (P < 0.001).
Increasing the level of N. oculata in the diet caused a linear decrease in
CH4 production to the produced gas in 24 h of incubation and protozoa
population (P < 0.002). Dry matter apparent digestibility and NH3-N
were not affected by the addition of different levels of N. oculata. The
supplementation of N. oculata to the diet increased the partition factor
and pH (Table 4; P < 0.001). The ratio of CH4 production produced to
feed organic matter affected N. oculata supplemented at different levels
(Fig. 2; P < 0.0001). The VFA, acetate to propionate ratio, and acetate +
butyrate to propionate ratio were not affected by different levels of
N. oculata in diets. However, the total VFA decreased linearly with
increasing levels of N. oculata supplementing (Table 5; P < 0.005).

3.3. Rumen microbial population

The population of protozoa and methanogenic archaea decreased,
and anaerobic fungi increased respectively, with increasing levels of
N. oculata in diet (Panel A, Fig. 3; P < 0.0001). In our study, supple-
mentation N. oculata decreased simultaneously F. succinogenes and
R. flavefaciens and in contrast, the population of R. albus in the treatment
containing 5 g/100 g DM N. oculata showed the highest increase (Panel
B, Fig. 3; P < 0.0001). A. lipolytica and B. proteoclasticus were also
affected by the supplementing of N. oculata and the population of these
bacteria decreased. In addition, the population of B. fibrosolvens showed
a significant increase (Panel C, Fig. 3; P < 0.0001). Population of pro-
teolytic bacteria, Prevotella spp. and P. ruminicola, unlike S. ruminantium,
showed a significant decrease with increasing N. oculata in the diet.
However, the population of S. ruminantium increased significantly
(Panel D, Fig. 3; P < 0.0001).

160 —

140 —

80 —

60 —

40

Gas production (mL/ 500 mg DM)

p-Value: Time <0001
Treat <0001
Time*1rcat 0.993

] 20 40 60

i v I B I e I ‘
80 100 120 140 160

Time (h)

Fig. 1. Effect of adding different levels of N. oculata on the volume of cumulative gas production (mL/500 mg DM).
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Table 3
The effect of adding different levels of N. oculata on gas production coefficients of insoluble section, and constant gas production rate in complete diets (mL/500 mg of
DM).
Coefficients Levels of N. oculate, g/100 g DM P-value SEM Polynomial regression analysis
Control 1 2 3 4 5 Linear Quadratic
150 147 154 148 150 152 0.06 2.21 0.0013 <0.0001
c 0.042%¢ 0.044%° 0.044%" 0.046™ 0.044%° 0.048° <0.0001 0.0031 0.0001 <0.0001
b: The amount of insoluble gas production.
c: Constant gas production rate.
Different superscripts within a row indicate a significant difference (P < 0.05).
Table 4
Fermentation parameters diets supplemented with different levels of N. oculata.
Parameters Levels of N. oculate, /100 g DM P-value SEM Polynomial regression
analysis
Control 1 2 3 4 5 Linear Quadratic
Methane' 42.2° 36.7° 35.3% 33.7% 32.8% 31.7° 0.001 0.295 0.0001  0.003
Gas 24 h 96.9 97.6 96.7 99.4 100 103.6 0.121 2.824 0.07 0.18
methane: 24 h gas 0.436% 0.376° 0.366° 0.339° 0.328°¢ 0.306° <0.0001 0.0042 0.0001 0.009
Apparent digestibilityr 60.05 59.4 59.3 59.5 59.7 59.8 0.178 0.168 0.001 0.641
PF* 3.52¢ 3.55¢ 3.58¢ 3.76° 3.88" 4.21° <0.0001  0.008 0.0001  0.0007
Protozoa x 10° 147 x 10 135 x 10°*  13.05 x 10°™ 126 x 10°¢ 123 x 10°* 123 x 10°  0.002 0.196 x 10°  0.0007  0.022
pH 6.4 6.6% 6.5% 6.6%" 6.6% 6.6 0.001 0.016 0.0002  0.069
Ammonia 11itrogenkS 18.6 18.5 18.5 18.3 18.2 18.421 0.07 0.114 0.306 0.021

—_

: ml/500 mg DM.
f: g/100 g DM.

PF = partitioning factor.

+: mg/ml.
§: mmol/L.

Different superscripts within a row indicate a significant difference (P < 0.05).

...
to
J

tter (mL/mg

0.8
(=1
g 06
-
E C04
b0
o 02
E

0 T T T

S C 2 3
o ontrol 1 2 3
s Treatments

p-Value: <0.0001
SEM: 0.004

Fig. 2. The ratio of methane production to digested organic matter (mL/mg organic matter) in diets containing different levels of N. oculata at 24 h of in

vitro incubation.

Table 5

The effect of different levels of N. oculata on the volatile fatty acids’ concentration (VFA, mmol/dL) and profile after 24 h of incubation.

Parameters

Acetate

Propionate
Butyrate

Valrate

Isobutyrate
Isovalerate

Total VFA
Acetate/Propionate

Levels of N. oculate, g/100 g DM

Control 1 2 3 4
44.1 43.9 40.7 42,5

37.3 38.9 41.7 39.7

12.2 10.8 11.1 11.2

5.38 5.15 5.38 5.4

0.363 0.463 0.464 0.472

0.592 0.651 0.552 0.683

84.8° 81.8° 80.6™ 79. gbed

1.18 1.13 0.97 1.07

43.9
37.3
11.2
6.53
0.391
0.714
79.4%¢
1.18

45.8
34.9
11.9
6.21
0.401
0.671
77.8¢
1.31

P-value

0.57
0.44
0.44
0.32
0.07
0.16
0.005
0.49

SEM Polynomial regression analysis
Linear Quadratic

1.91 0.147 0.343

2.22 0.132 0.226

0.496 0.158 0.145

0.447 0.763 0.954

0.0235 0.866 0.747

0.0381 0.142 0.039

0.376 0.002 0.001

0.111 0.27 0.12

Different superscripts within a row indicate a significant difference (P < 0.05).
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Fig. 3. Microbial population in diets supplemented with N. oculata (Panel A, B, C, D).

Panel A: SEM for total protozoa, total fungi and methanogens are respectively: 1.054, 0.249, 0.367; P < 0.0001.
Panel B: SEM for F. succinogenes, R. albus, and R. flavefaciens are respectively: 1.029, 0.906, 1.211; P < 0.0001.
Panel C: SEM for A. lipolytica, B. fibrisolvens, and B. proteoclasticus are respectively: 0.431, 0.152, 0.634; P < 0.0001.
Panel D: SEM for Prevotella spp., P. ruminicola, and S. ruminantium are respectively: 1.04, 1.001, 0.843; P < 0.0001.

4. Discussion
4.1. Gas production

The results obtained from the effect of supplementation N. oculata at
different levels of diet on gas production (GP) were consistent with the
results of Marrez et al. [37]. The amount of GP in the incubation and
fermentation process is a reflection of the composition of the ratio
components and their nature. However, the supplementation of 5 g/100
g DM levels of N. oculata increased the rate of GP in this treatment
compared to the control. Probably, the increase in the level of N. oculata
in the diet over time has caused its cell wall to be broken by microor-
ganisms and release its nutrient contents and the consumption of nu-
trients by microorganisms, resulting in more gas production and an
increase in gas rate.

4.2. Methane production and rumen fermentation parameters

Recent research shows that microalgae in diet can inhibit CHy4 pro-
duction [13,14,38], and species with high levels of unsaturated fatty
acids (UFA) reduce CHy4 production levels produced in the rumen [14].
Rumen microorganisms use free Hy to convert UFA to saturated fatty
acids (SFA), reducing the amount of Hy available to methanogenic
archaea decreases CH4 production. The results of this experiment were
similar to those of Meehan et al. [14]. In this study, the CH4 production
(mL/g organic matter (OM)) in the diet based on corn silage and con-
taining 10 g/100 g DM of N. oceanica was reduced. The UFA in fish oil
reduced protozoa viability [39]. Microalgae species, the composition of
diet components used in the incubation process, algae culture medium,
harvesting, and processing are also factors affecting the fermentation
process and ruminal parameters [40-42]. Ciliate protozoa are among
the Hy suppliers needed by methanogens to produce methane. In the
structure of N. oculata Omega-3 UFA and especially EPA is high [20,43].
In our study, the level of PUFA and UFA was high in N. oculata (Table 1).
Increasing the level of microalgae in the diet may have increased the
UFA released from the microalgae and the coverage of the fibers by the
fat. As a result, LCUFA harms the survival of protozoa. In the present

study, linear increasing the level of N. oculata in the diet and UFA
decreased the population of these protozoa and CH4 emissions.

Increasing the partition factor in a food item indicates an improve-
ment in its efficiency [44], and a decrease in it indicates a decrease in the
efficiency of microbial protein synthesis in the culture medium. This
means that most digested food is used for GP instead of microbial protein
synthesis [45]. In addition, the results related to the partition factor, and
the ratio of methane to OM indicate that with the increase of N. oculata
supplemented the consumption of OM by rumen microorganisms has
progressed towards the production of long-chain fatty acids (LCFA) or
microbial protein. Therefore, the consumption of carbon and Hj pro-
duced in the environment by methanogens is reduced and these sub-
stances are out of their reach and CH,4 production was reduced.

In a study conducted on increasing levels of Schizotrium in goats’
diets, their ruminal pH increased [46]. Merrez et al. [37] reported that
which used levels of 0, 2, 4, and 6 g/100 g DM of N. limnetica in the diet,
the pH increased with increasing levels of microalgae. The N. oculata
contains long-chain unsaturated fatty acids (LCUFA), including EPA.
Probably due to the decrease in total volatile fatty acids (VFA; Table 5).
The nature of microalgae species in terms of the type of fatty acids has
affected the fermentation process and the activity of microorganisms.

The results showed that with increasing schizotrium levels in the goat
diet, total VFA decreased [46]. The VFA produced in the rumen reflects
the fermentation process of dietary nutrients in the rumen. Decreasing
ruminal pH indicates an increase in rapidly fermenting carbohydrates
and VFA production in the rumen. In this experiment, by increasing the
level of N. oculata in the diet, the pH also increased, which means a
decrease in the amount of VFA in the fermentation process. Research
also shows that VFA levels and methane production are correlated, and a
decrease in VFA is associated with a decrease in methane production
[47]. In the present study, VFA and methane emission in the treatment
containing different levels of N. oculata were significantly reduced
compared to the control treatment. The research indicates that due to
the combination of microalgae fatty acids, the fat production process in
these conditions may have tended towards the producing of LCFA and
the biohydrogenation process [37] where the VFA was reduced. Thus,
maybe the N. oculata cell wall structure, the availability of intracellular
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compounds of microalgae for microorganisms, and its effect on the
fermentation process during incubation have affected fat metabolism
and VFA production. Increased the partition factor may be due to
decreased TDOM and this inclined to produce VFA, and this is more
likely to increase the microbial protein mass.

Examining the results of the linear regression analysis indicates a
relationship between the linear increase of N. oculata in the diet and the
corresponding linear increase and decrease of certain rumen parame-
ters. Conversely, the findings from this project’s researchers, based on
previous studies regarding the composition of unsaturated fatty acids
and PUFA in this type of microalgae, have been documented in other
articles [20]. It appears that increasing the level of N. oculata in the diet
led to changes in rumen parameters.

4.3. Rumen microbial population

In a study by Gomma et al. [12] on the levels of 1-5 g/100 g DM
N. oculata, the results showed that the level of 5 g/100 g DM in a total
mixed diet reduced the protozoa population. However, the results ob-
tained in the present study from the microscopic examination of the
protozoa population were similar to the results of the protozoa rDNA
examination. The UFA is toxic for rumen microorganisms and their in-
crease in the rumen environment and incubation causes a decrease in the
number of protozoa [48] and methanogenic archaea [12,49,50]. The
decrease in the population of methanogenic archaea in this experiment
was one of the main reasons for the decrease in methane following the
increase in the level of N. oculata in the diet. The noteworthy point is
that different rumen microorganisms show different reactions to UFA in
the rumen environment. Increasing the level of fat in the diet increases
the coverage of fibers by fat, and as a result, the conditions for the
growth of these cellulolytic bacteria and the digestion of fibers become
unfavorable. The decrease in the population of cellulolytic bacteria such
as F. succinogenes and R. flavefaciens as a result of the increase in fat in
the diet may be related to the increase in the level of N. oculata. The
increase in the population of R. albus bacteria was probably due to the
different responses of bacteria to environmental conditions. Probably,
the increase in the population of R. albus, along with the increase in
anaerobic fungi, has prevented the decrease in feed digestibility.

The Butyrivibrio species are very effective in the process of bio-
hydrogenation of bacteria and increase when biohydrogenation is
completed and formed at 18:00 [9]. The Butyrivibrio species has the
ability of phospholipase and lysophospholipase. B. proteoclasticus are
most sensitive to UFA in the environment. It is may that the decrease in
the population of these bacteria was in response to the increase in the
level of microalgae N. oculata in the diet and the increase in UFA in the
environment, which harmed their survival and activity.

P. ruminicola is one of the major bacteria in the breakdown of
ruminal protein. Increased UFA do not affect the survival rate of
S. ruminantium and P. ruminicola [51] In this study, S. ruminantium
species increased as the level of microalgae N. oculata increased in the
environment, but P. ruminicola decreased. This is probably due to some
antibacterial compounds in the structure of microalgae that have
affected the growth and survival of these bacteria. Hence increases the
population of S. ruminantium and decrease Prevotella spp. and
P. ruminicola were probably in response to the ecosystem changes of the
incubation environment due to the presence of N. oculata and the in-
crease in the level of UFA at the same time as the increase in the level of
microalgae in the diet. In addition to biohydrogenation activity, various
bacteria of the genus Butyrivibrio are also involved in the breakdown of
protein, starch, and cell walls [52,53]. The effect of N. limnetica micro-
algae was performed at different levels on ruminal parameters [37], in
this study results showed that the use of 6 g/100 g DM microalgae in the
diet reduces the number of bacteria. Gomma et al. [12] reported that 2
g/100 g DM of N. oculata supplementation to total mixed diet increased
the bacterial population, which contradicts the results of the present
study. This discrepancy seems to be due to the amount of fat in the
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microalgae species N. oculata tested in the present study and the
research of Gomma et al. [12]. Because the amount of fat of N. oculata in
that study was 10.2 g/100 g DM but in our study, it was 39.1 (g/100 g
DM). It seems that increasing the level of microalgae in the diet of the
present experiment has increased the amount of UFA in the environment
and has affected the growth, activity, and survival of bacteria. The
reason that the population of some bacterial species such as R. albus,
B. fibrisolvens, and S. ruminantium increase was due to the differences in
the adaptation of bacterial species to changes in the environment [28].

5. Conclusion

This study found that dietary supplementation of N. oculata at a
highest level (3-5 g/100 g DM) has positive effects on nutrient avail-
ability while reducing CHy4 production in vitro. In addition, incremental
levels of N. oculata decreased the population of protozoa, methanogenic
archaea, A. lipolytica, Prevotella spp., R. flavefaciens, F. succinogenesis and
increased the population of R. albus, B. fibrisolvens, S. ruminantium, and
fungus, while not affecting dry matter digestibility. The unsaturated
fatty acids in N. oculata and their antibacterial compounds appear to
influence the population of methanogenic archaea, thereby reducing
methane emissions. The regression analysis in this research indicated
that the linear increase in the level of N. oculata microalgae in the diet
leads to a significant linear decrease in methane emission, microbial
population, and certain rumen parameters. Therefore, considering the
costs associated with the project and evaluating the results of the
treatment involving 3 g/100 N. oculata, it is recommended for future
studies. Considering the growing use of microalgae in animal feed as a
valuable nutritional supplement to reduce methane emissions, it is
recommended that researchers conduct further studies at various levels
and explore additional parameters. Furthermore, in vivo experiments are
essential to obtain results related to nutritional value, animal health, and
methane emission reduction in ruminants.
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