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Abstract: Fat rich microorganisms, such as microalgae Schizochytrium spp., are potential biotechno-
logical tools in the modulation of rumen microbiome towards ecofriendly and high nutritional value
end-products. However, limited in vivo trials have been reported on the topic. The aim of this study
was to contribute to the knowledge on the effect of fat rich microalgae on the methanogenic and feed
degrading particle-associated microbes in goats’ rumen content. For the trial, twenty-four goats were
divided into four homogenous clusters (six goats/treatment) according to their fat corrected (4%)
milk yield, body weight and age and individually were fed with alfalfa hay and concentrate feeds
(F/C =50/50). The concentrate of the control group (CON) contained no microalgae, while those
of the treated groups were supplemented daily with 20 (ALG20), 40 (ALG40), and 60 (ALG60) g of
Schizochytrium spp./goat. The relative abundances of total Archaea, methanogens, Methanomassili-
icoccales, Methanobrevibacter spp., Methanosphaera stadmanae and Methanobacterium formicicum were
significantly (p < 0.05) decreased in microalgae-fed goats compared to the CON ones. Moreover,
a significant decline in the relative abundances of Firmicutes, Ruminococcus flavefaciens, Butyrivibrio fi-
brosolvents, and Neocallimastigales in the rumen particle-associated microbiota of microalgae supple-
mented goats were observed. In conclusion, goats’ diets supplementation with Schizochytrium spp.,
could be considered a sustainable nutritional strategy for methanogens inhibition in their rumen
particle-associated microbiota.
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1. Introduction

There are approximately 7.7 billion humans on earth of which 10% do not have sulffi-
cient access to food [1]. According to population growth rate predictions, global population
is anticipated to reach 9.15 billion by 2050 [2]. Consequently, both dairy products and meat
consumption are expected to increase in 2050 by 58 and 73 percent, respectively, compared
to their 2010 levels [2—4], due to the aforementioned demands. Simultaneously, methane
(CH,4) emissions are expected to rise by 30% until 2050, as a result of meat and milk in-
creasing demands if mitigation strategies are not implemented [5]. Within Greece and
other Mediterranean areas, small ruminants” husbandry has a substantial socio-economic
and environmental impact, while goats farming systems portraying a continuous upward
trend [6]. Despite the fact that the dominant proportion of methane emission is derived
from cattle and buffalo, goats produce around 4.9% of total CH4 emissions from livestock
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globally [7]. Hence, world concern on the unbalanced nature of this growth and its atten-
dant environmental and socio-economic consequences are rapidly increasing. These current
challenges require the design of multidisciplinary approach strategies, particularly to mit-
igate the greenhouse gases emissions and improve animals” productivity and products
quality. To achieve these objectives, the dietary supplementation with feed supplements
such as microalgae rich in polyunsaturated fatty acids (PUFA) represents a promising tool,
since it can modify the rumen fermentation towards advantageous directions [8].

Up to now, microalgae such as Schizochytrium spp. rich in docosapentaenoic (DPA)
and docosahexaenoic (DHA) fatty acids (FA) have been used as a nutritional approach to
enhance ruminants’ milk with PUFA [9-12] and/or improve animals” and milk oxidative
status [13]. Interestingly, high fat microalgae such as the Schizochytrium spp. could also
be studied for their potential in reducing methane production in ruminants, as reported
in vitro by Fievez [14]. This property could be connected to their lipid content, and espe-
cially long-chain PUFA such as DHA that are toxic in specific bacteria and potentially also
on methanogens, since they can disrupt their bilayer membrane and induce malfunction
in their metabolic functions [15,16]. Nonetheless, immense PUFA inclusion on ruminants’
diet might also have toxic effects on some crucial microorganisms such as the fibrolytic
bacteria and consequently on animal performance [17]. Apart from its negative impact on
the environment, methane production has in fact been estimated to be responsible for a
loss of 2-15% of the gross energy of feeds in ruminants [18]. Among the bacteria involved
in this process, microbial populations in rumen attached to feed particles have a pivotal
role in feed fermentation, since they account up to 70% of the amylase activity, 91% of both
endoglucanase and xylanase activity, and 75% of the protease action [19]. Furthermore,
recent studies report that rumen microbiome is able to re-adapt to its initial composition
after an enduring dietary supplementation with such bioactive feed additives, due to the
host governance [20,21]. This evidence appears to be central challenge for the commercial
application of such dietary interventions on farm scale. Thus, the experimental duration of
these dietary treatments should also be addressed.

Taking into consideration the aforementioned, it was assumed that not only the
different dietary supplementation levels of Schizochytrium spp. but also the interval of
administration might affect the composition of goats’ rumen particle-associated micro-
biota. Thus, the aim of this study was to examine the long-standing dietary inclusion
of Schizochytrium spp. on three different levels (20, 40 and 60 g/animal/day) on (i) the
abundance of microorganisms involved in methane production and (ii) microbes that
adhere to feed particles on goats’ rumen.

2. Materials and Methods
2.1. Experimental Design and Animals’ Diets

Twenty-four dairy goats (Local (Greek) x Alpine breeds), at 150 & 10 days in milk
(DIM), of a mean body weight (BW) of 47.6 &= 5.9 kg, were separated into four (n = 6 goats)
comparable groups balanced according to their fat corrected (4%) milk yield, BW, and age.
During the trial, each goat was fed individually, while the dry matter intake (DMI) was
recorded on a daily basis. Each goat was offered 1 kg alfalfa hay and 1 kg concentrate daily,
with a fixed forage-to-concentrate ratio (F:C) of 50/50. The concentrate of the control (CON)
group consisted of 36.7% maize grain; 20% barley grain; 21% wheat middlings; 8% sun-
flower meal; 10% soya bean meal; 1.5% calcium phosphate; 0.5% calcium carbonate; 0.3%
salt; and 2% vitamin and minerals mix, while the three microalgae treated groups (ALG20,
ALG40, and ALG60) were received the same basal concentrate mix supplemented with 20 g,
40 g, and 60 g Schizochytrium spp./goat, respectively. Aiming to achieve comparable energy
density amongst the treatments (less than 5%); 20, 40, and 60 g of the above concentrate
mixture of the microalgae groups were swapped respectively, by the same quantities of
microalgae. The rations were also isonitrogenous since the microalgae protein content
was such that did not significantly affect the protein content amongst the diets (Table 1).
The Schizochytrium spp. is traded as commercial product termed DHAgold (DSM Human
Nutrition & Health, Heerlen, The Netherlands). The trial lasted 74 days of which, the first
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14 days were used as adaptation period. Further information concerning the experimental
design and diets is available by Mavrommatis and Tsiplakou [12].

Table 1. Alfalfa hay, DHAgold™ and concentrate mix chemical composition (g/kg) and fatty acids
profile (g/100 g total FA).

Chemical Composition of Feeds (g/kg)
AlfalfaHay = DHAgold™ CON ALG20 ALG40 ALG60

Dry matter 927 980 922 927 918 926
Crude protein 134 167 126 127 127 127
Crude fat 13 556 43 57 63 79
Crude fiber 319 45 50 52 52 56
NDF 503 - 157 152 149 169
ADF 381 - 61 56 57 64
Ash 72 88 92 95 93 89
Fatty Acid Composition (g/100 g Total FA)
Cigo 2.3 5.9 0.1 14 2.8 3.7
Cie60 31.6 13.1 14.3 15.2 17.1 18.7
Cisgo 5.8 0.3 3.9 3.2 2.7 2.5
C18:1 cis-9 11.6 n.d. 36.1 29.8 24.2 21.8
Ci82n6 26.4 n.d. 42.2 36.5 31.1 28.6
Ci83n3 19.7 0.1 1.7 1.6 1.3 1.2
C22;5 n-6 n.d. 6.8 n.d. 2.9 5.3 6.2
C22;6 n-3 n.d. 21.8 0.1 7.3 134 15.5

NDF = Neutral detergent fiber; ADF = Acid detergent fiber.

2.2. Milk Samples Collection and Analysis

Milk samples were gathered at 20, 40, and 60 days of the experimental period and
analyzed for their chemical composition as previously described by Mavrommatis and
Tsiplakou [12].

2.3. Feed Samples Analysis
Feedstuff chemical and FA composition are presented in Table 1. The analytical
procedures have been previously described by Mavrommatis et al. [13].

2.4. Rumen Samples Collection

Rumen samples were collected as previously described by Tsiplakou [22] using an
alternative to rumen cannulation, non-surgical and non-operating procedure. Briefly,
on day 20th, 40th, and 60th of the trial, rumen content was collected using a stomach tube
(flexible PVC tube of 1.5 mm thickness and 10 mm I.D.) and an electric vacuum pump
(MZ2CNT, Vacuubrand Gmbh & Co Kg, Wertheim, Germany) as have been described for
sheep and goats by Ramos Morales et al. [23]. The stomach tube was placed into a depth
up to 150 cm, while the first quantity of fluid was discarded to reduce the effect of the
saliva contamination [23,24]. Immediately after gathering, the rumen digesta was filtered
with cheesecloth layers (Figure 1) to separate the solid phase and then the samples were
frozen at —80 °C until the DNA extraction.

Figure 1. Rumen samples collection, (A,B) rumen digesta filtration through cheesecloth layers, (C) solid phase collection
and (D) and immediate freezing in liquid nitrogen [25].
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2.5. Rumen Microbial Analysis

A total of 72 samples from 24 goats (3 sampling points) were used for microorganisms’
analysis as previously described by Tsiplakou et al. [22] with some modifications. Specifi-
cally, DNA extraction accomplished using a modified cetyltrimethylammonium bromide
(CTAB) protocol. One g of rumen digesta was grinded using pestle and mortar and liquid
nitrogen. The grinded powder was incubated in a lysis solution consisted of 2% CTAB,
0.02 M EDTA, 0.1 M tris- HCI pH 8, 1.4 M NaCl, 2-mercaptoethanol 99% and proteinase
K from Tritirachium album (Sigma-Aldrich, Missouri, USA) for 2 h at 57 °C. DNA was
extracted three times with chloroform:isoamyl alcohol (24:1) and precipitated by adding
2-propanol at —20 °C. After a centrifugation at 7500 g for 15 min at 4 °C, the precipitate was
washes two times with 70% and 100% ethanol, respectively. The DNA pellet obtained was
re-suspended in ultra-pure water and 10 pL. RNase A were added and incubated for 1 h at
37 °C to remove any RNA contamination. Afterwards, samples are purified through spin
column NucleoSpin® Tissue (MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany)
based on the manufacturer guidelines. The quality of extracted DNA was estimated by
ND-1000 spectrophotometer (NanoDrop, Wilmington, DE, USA) and by using a 0.70%
agarose gel electrophoresis.

The primer set used for the real-time PCR, the genomic region of PCR amplification,
the PCR efficiency (%) and the slope of the standard curves are presented in Table 2. The
primers for amplifying the total bacterial 16S rRNA sequences have been modified to
adjust the hybridization temperature to 60 °C [26]. The general anaerobic fungi primers
have been designed from multiple alignments of fungal 18S ribosomal and ITS1 gene
sequences, which encompassed all available anaerobic fungal sequences [26]. A set of
ciliate protozoal PCR primers were designed based on all ruminal protozoan 185 rDNA
sequences according to Sylvester et al. [27]. The archaea 165 rRNA gene was amplified
using an already published primer pair [28], while for methanogens detection, the methyl
coenzyme-M reductase subunit A (MCRA) gene was targeted for amplification. This
enzyme complex is considered to be unique to, and ubiquitous in, methanogens making
it a suitable tool for their exclusive detection [29]. The primer sets for the detection and
enumeration of the other bacteria and methanogens populations amplify the 165 rRNA
gene sequences, described by Denman and McSweeney [26], Kim et al. [28], Yang et al. [30],
Vargas-Bello-Pérez et al. [31], Duval et al. [32], and Elolimy et al. [33] (Table 2). Primers
were then associated with sequences accessible at the NCBI via a BLAST search to find out
primer specificity.

Conventional PCR for the authentication of the specificity of the chosen primers
against target genes were performed in 25 puL reactions with the addition of 2.5 mM MgCl,
and employing Taq polymerase following below conditions: initial step at 95 °C for 4 min,
and 28 cycles of 95 °C for 30 s, 60 °C for 20 s (or relevant based on primers Tm), and 68 °C
for 1 min for elongation. PCR products were analyzed for a unique band and the absence
of primer dimer by running on 2% agarose gels.

Due to variation of PCR inhibitors in rumen samples it was vital to validate the PCR
efficiency in order to confirm an accurate quantitation. Consecutive dilutions of pool micro-
bial DNA were amplified (duplicate) by real-time PCR based on the conditions emerged by
primers Tm and product length. Real time PCR reaction efficiencies (e) were calculated for
the primers presented in Table 2 from a linear regression of the threshold cycle (Ct) for each
dilution against the log dilution using the formula: e = 10~ 1/51P¢ [34]. Primers efficiencies
varied from 93% to 100%. Relative abundance of microbial populations was expressed
as a proportion of total bacterial 16S ribosomal DNA as described by Carberry et al. [35]
according to the equation: relative abundance = e (target)” (Ct target microorganism-Ct of
bacterial 16s IDNA), (latest cycle detected = 32). Changes in relative abundance of specific
microbes due to an effect of microalgae or sampling time were expressed as % of total
bacterial 16s rDNA as described by Chen et al. [36] and Carberry et al. [35]. The relative
abundance expression of the results is suitable and accurate method provided that no
different taxa are compared, whilst the comparisons are limited to between treatments and
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time [26]. Quantitative real-time PCRs were performed using a Step-One Plus Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA) in a reaction volume of 10 uL:
5 uL SYBR™ Select Master Mix (Thermo Fisher Scientific, Massachusetts, USA), 4 uL
primers (0.2 pmol each), and 1 pL of DNA (15 ng/uL) as template according to master mix
manufacturer protocol. Primer specificity and formation of primer dimers were explored
by dissociation curve analysis (melt curve).

Table 2. Sequences of primers used for RT-PCRs, genomic regions of PCR amplification, primer efficiency, standard curve

slope, amplicon size and hybridization temperature.

Genomic Region

of Primer

Target Species PCR Amplification Primer Sequencing Efficiency % Slope Amplicon bp Tm °C References
Total bacteria 165 rRNA D ECCGCARCOAGCOCANCCES 99 ~3348 130 60 [26]
Bacteroidetes 16s rRNA RFS,S_ :&%Gcggﬁégiéiiggﬁ?g chg_’y 98 —3.349 126 62 [37]

Firmicutes 163 rRNA B A ATCTOG ITTAATICGAAGCAY 98 ~3.356 126 62 [37]
Archaea 165 rRNA S ITCGOTGOATCDCARAGRGCS 98 ~3352 141 60 28]
Protozoa 18s rRNA 11{5;%%13(?(?(%?;2;{?%5%%%% -33,/ 97 —3.390 321 55 [28]

Entodinium 185 rRNA g CACCTAATACATGCTAACCCS 9 —3.426 317 59 28]

Total fungi 185 rRNA ITS1 F: 8 CAGGAAGTAAAACTCOTAACAACCITICS 95 ~3.435 120 58 [26]

Neocallimastigales 185 rRNA ITS1 B L CACANTCCATCICTTCCTTCT Y % ~3.431 110 63 28]
Methanogen merA Rj‘; _5(1;&%8%8%%?53&?&%& 9% 3429 145 58 [28]

B www URMQISOMTIONOROST b am w m @

R e SIS R
B e RASROORGMETS  n aw  w @
S e SOSCONMTIOGTIONGS v m wm e

Do s PREOTOWSNCTONS  w am m e W
Ruminococcus albus 16s IRNA E: ?{/ g.%%?éé?ggég%géﬁ?c&cgy 100 —3.310 175 62 [28]
W wewn CONCUGEMEIMOSOST s awm @ @
St wa SHOOMGEMIITICST  w am w @
s wma SeMmMOMECOUer n e w v
Prevotella sp. 165 rRNA B GCTICIGAGACOAACCTCCCCY 99 ~3.340 121 60 28]
Prevotella brevis 165 rRNA B S -GOTTICCITCAGTGTATICEACGTC:S! 97 ~3391 219 64 28]
Prevotella ruminicola 165 rRNA F}f:s_%ﬁﬁ%ﬁ%ﬁé&%@&iﬁggﬁfgg%73/ 94 ~3.469 74 63 [28]
M 165 RNA RS TTCOTTACICACCOICAAGATC S s aa0 10 o
" 168 sRNA R 5 TACCOTCOTCCACTCCTTS s s s s b
Methanomassiliicoccales 16s IRNA FRS,E;’T é%g%gggéég%%gg : (?CACTFC-;/ 97 —3.398 149 62 [28]
Methanobrevibacter 165 tRNA F: 5-TGGGAATTGCTGGWGATACTRTT-3’ 97 _3.400 231 60 28]

spp.

R: 5-GGAGCRGCTCAAAGCCA-3'

2.6. Statistical Analysis

Statistical analyses were conducted using the SPSS, IBM (v. 20.0). Discriminant
analyses were performed to pooled data of microbiota relative abundances to examine those
variables capable of discriminating and ordering samples among (i) the four dietary groups
(CON, ALG20, ALG40, and ALG60) and (ii) the three-sampling time (20th, 40th, and 60th
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experimental day) (Figure 2). It is worth mentioned that Control measurements were
omitted by the sampling time discriminant analysis in order to evaluate the microorganism
adaptation occurred by dietary effect. Wilk’s lambda (A) criterion was used for assessing
discriminant functions [3]. Twenty-four variables (microorganisms’ relative abundances)
were entered to create a model to distinguish the seventy-two samples of the first case
(4 groups x 6 goats/group x 3 sampling time) and fifty-four for the second (3 dietary
treatments X 6 goats/group x 3 sampling time).

A Canonical Discriminant Functions B Canonical Discriminant Functions
-
o CON o20d
9 ALG20 4 A ©40d
o A ALG40 A60d
oo v ALG60 Ay B Group Centroid
o S M Group Centroid *
2 - o aa 60d
9 ALG20 - o o . A
& [ = = o -
© A o o o g o 20d a . NN
< LS B -3 o « 1y o oo . R
=}
g KLGa0* s CON K o
g 07 a¥ A g 8 o °
5 v A @ o 2 °© % o
@ o o o 0
“wALcgo 2 Dog b
A. v °
7, v g o
2 vy o ) . o
v v 7 @
v
T T I T T L) T I T T
-2 o 2 4 6 -4 2 [} 4
Function 1 (72.9 %) Function 1 (64 %)

Figure 2. Discriminant plots separating (A) the four dietary treatments (CON; blue [J, ALG20; green [], ALG40; red A,
and ALG60; purple 1/) according to pooled data of three sampling time (20th, 40th, and 60th experimental day) on the
relative abundances of specific microbes and (B) the three-sampling time (20th; blue [J, 40th; green O, and 60th; red A)
according to pooled data of three dietary treatments (ALG20, ALG40, and ALG60).

Dietary treatment effects on microorganism relative abundances were investigated
using a general linear model (GLM) for repeated measures (ANOVA) since samples were
taken at three sampling time (20th, 40th, and 60th experimental day) from the same subjects
(n =72; 24 goats x 3 sampling time). Specifically, dietary groups (D = CON, ALG20,
ALG40, and ALG60) were inserted as fixed factor, and the sampling time (S) as the repeated

variable, while their interactions (D x S) were also included to evaluate the differences
over time according to the model:

Yijkl = p + Di + §j + Ak + (D x S)ij + eijkl

where Yijk is the dependent variable, p the overall mean, Di the effect of dietary treatment
(i=4; CON, ALG20, ALG40, and ALGH60), Sj the effect of sampling time (j = 3; 20th, 40th,
and 60th experimental day), Ak the animal’s random effect, (DxS)jj the interaction between
dietary treatments and sampling time, and eijk the residual error.

Post hoc analysis was performed when appropriate using a Tukey’s multiple range
test [3]. GraphPad Prism 6.0 (2012) was used for interleaved bars, while errors bars
represent the standard error of means (SEM), and the corresponding superscripts letters
have been emerged by SPSS repeated measure analysis (Figure 3). In addition, aiming
to further simplify the time effect between dietary treatments and in order to unveil any
microbes’ adaptation trend, connected superimposed symbols were also used (Figure 4).
However, in supplementary data (Table S1) more statistical information are available about
the effect of diet, sampling time and their interaction under microalgae treatment.
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Figure 3. Average changes of target microorganisms adhering to the feed particles in the rumen of goats of CON, ALG20,
ALG40, and ALG60 groups within the three sampling times (20th, 40th, and 60th) illustrated in column bars (4 Standard
Error of Means) as a proportion of total rumen bacterial 165 rDNA. Bars with different superscript (a, b, c) between dietary

treatments differ significantly (p < 0.05) while t is referred to p-value < 0.10, according to the Analysis of Variance (ANOVA)

using a general linear model for repeated measures and Post hoc analysis was performed when appropriate using Tukey’s

multiple range test.



Sustainability 2021, 13, 607

8of 17

Bacteroidetes Firmicutes Archaea

z 2 520

g 2 35 2

€0 2 £15

= 2 ]

£ 50 E 510

T g2 ]

- - =

T a0 = Fos

E g2 ]

s s =

0 3 3 s 3 g #00T 7 3

L3 ® & > ® & > ® &

-+ CON = ALG20 -+ ALGA0 = ALGEO

Methanomassiliicoccales

e
7 oo
=]
=
w
&
= 0.04
3
Z
=1
=
= 0.02
=
E
k]
= 0 T T T
3 > &
® © &
-o= CON -= ALG20 -+ ALG40 -+ ALGH0

Protozoa
-«
I o8
2
w
£
Z o4
E
z
]
2
2 o2
E
2
s
= 00 r r T
A&a 'Pb @é
- CON % ALG20 -+ ALG40 - ALGBO

Eubacteriunt ruminantium

0.1

0.0 T T T
o s Y
CON - ALG20 -+ ALGA40 -+ ALGE0

% of total bacterial 16S rDNA

Fibrobacter succinogenes

-

% of total bacterial 168 rDNA % of total bacterial 165 rDNA

% of total bacterial 165 rDNA

CON -= ALG20 -« ALG40 = ALGEO

Methanobrevibacter spp.

= CON -= ALG20 -+ ALGA0 - ALGEO

Methanosphaera studtimanae

% of total bacterial 168 rDNA

Methanogens
0.20
0.15
0.10
0.05
0.00 T T T
G & &>
L ® &
- CON -= ALG20 - ALG40 = ALGBO

Methanobacterium formicicum

0.04 Z 0.008 Z 15
-
a z
0.03 g 2
S 000 2 10
0.02 s 3
3 £
a *
< 0.002 3 05
0.01 E] 2
£ 3
% g
0.00 - 0.000 = 00
> > > > > > c > > >
» ® & [ ® & = » »® &
- CON -= ALG20 -~ ALGA0 = ALGBO -+ CON -= ALG20 —= ALG40 = ALGEO - CON = ALG20 -~ ALG40 = ALGE0
Entodinium spp. Fungi Neocallimastigales
0.5 Z oz = o008
= =
o =
04 g a1s £ 006
0.3 = E]
3 010 Z 004
0.2 3 3
E 005 E 002 —
0.1 £ £
= k]
0.0 T T T © 0.00 N N £ 000 z N N
> > >
- W & » ® & - © &
- CON % ALG20 -+ ALGA0 == ALGS0 -+ CON -= ALG20 -+ ALG40 -+ ALGBO -»- CON -# ALG20 -+ ALG40 -» ALGEO

Butyrivibrio fibrisolvens

Butyrivibrio proteoclasticus

Ruminecoccus flavefuciens

-
‘gﬂ 15 ‘ 15
15 @ -
= e
Z 10 Z 1o
= =
10 £ z
] s
E-] =
5 Z e z os
E E
5 z 1
i T : : £ 00 r . v s 00
> > > > > > > > >
L w» & »® ® & » ®© L
= CON = ALG20 -+ ALGA0 -+ ALGSO - CON = ALG20 -« ALG40 = ALGE0 -+ CON -= ALG20 - ALG40 =+ ALGED

Ruminecoccus albus

=

Z 4 Z 18

2 ]

£ 3 g

= Z 10

= ]

2 £

g ]

2 2 s

R E

2 2

3 s

=003 N N MR 3 N
L © 3 » ® [

-o- CON -= ALG20 -+ ALG40 -+ ALGH0 - CON -= ALG20 -+ ALG40 == ALGH0

Selenomonas ruminantinn Prevotella spp.
< <
z P 40
Y g
- w35
= =
= =
E o3 ER
£ £
H 25
= -
= 02 =
s s 20
2 2
b P
El El
= < 15
B B
-3 > > t-3
LS 3 & » ® [

-+~ CON -= ALG20 -+ ALGA0 = ALGB0

-+~ CON -# ALG20 -+ ALG40 == ALGE0

% of total bacterial 168 rDNA

% of total bacterial 16S rDNA

Ruminobacter amyloplhilus

Streptococcus bovis

-&‘,“
=
6 =
<
z 3
=]
C
4 g
= 2
=2
5
2 E 1
3
E
N N N 5 5 N N
o ) & s «»“ ® &
e CON = ALG20 -+ ALG40 - ALGG0 -+ CON -= ALG20 -+ ALG40 -+ ALG6D

Prevotella brevis

Prevotella ruminicola

-
0.20 Z os
e
2
0.15 Z
Z 04
E
0.10 E
g
<
2 02
0.05 E
K
z
=
0.00 2 o r r .
& o s I s &

-+ CON -= ALG20 -+ ALG40 = ALGSO0

- CON -= ALG20 -+ ALG40 = ALGE0

Figure 4. Average changes of target microorganisms adhering to the feed particles in the rumen of goats of CON, ALG20,
ALG40, and ALG60 groups in each of three sampling time (20th, 40th, and 60th) illustrated in connected superimposed
symbols (£ Standard Error of Means) as a proportion of total rumen bacterial 165 rDNA.
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3. Results
3.1. Milk Performance

Briefly, the average daily concentrate intake of ALG60 goats was decreased compared
to the other treatments (670 g vs. 1000 g), leading to a lower intake of the microalgae (40 g)
than the scheduled one (60 g), since microalgae had been supplemented into the concentrate
mixtures. Despite the decreased DMI of ALG60 group, the milk yield and BW (data not
shown) were not significantly affected (Table 3). The fat content was reduced in both ALG40
and ALG60 groups, compared with the CON and ALG20 (Table 3). Further information
concerning milk performance and its chemical composition have been extensively reported
by Mavrommatis and Tsiplakou [12].

Table 3. Mean milk performance of goats fed diets with different levels of Schizochytrium spp. (CON, ALG20, ALG40, and
ALG60) throughout the experimental period.

CON Diet (D) Sampling Time (T) Days Effect
ALG20 ALG40 ALG60 SEM# 0 20 40 60 SEMiI D T DxT

1\(/{(1;%(;;1;1 1.30 1.39 1.30 124 0378  168% 124AB 1074  1254B 0200 NS * NS
FCMyy, t (kg/day) 1.17 1.14 1.09 0.97 0263 148D  1.05€ 0.87 4 0.98 BC 0141 NS ** NS
Fat (%) 3.50° 2972 2.60P 2.36P 0.260 3238 2968 2654 2574 0.175 * * NS
Fat (g/day) 44512 41312 3385P 2954b 8.23 54178 36644 28404 32184 3.50 * = NS
Protein (%) 3.12 3.21 3.42 3.39 0.239 3064 32848 3518 3284 0.146 NS * NS
Protein (g/day) 40.56 44.65 44.52 4214 5.12 51318 40604 37634 41074 2.61 NS * NS

Lactose (%) 456° 441° 3962 4313 0.132 456 € 4388 4124 4174 0.078 * ** *

Means with different superscript letters (a, b) between dietary treatments and (A, B, C, D) between sampling time differ significantly;
*p <0.05,* p <0.01, ** p <0.001. t Fat corrected milk in 4% based on the equation Y4% = (0.40 + 0.15 x F) x M where F = fat content (%)
and M = milk yield in kg.  SEM: Standard error of the mean.

3.2. Holistic Statistics

Figure 2A depicts a discriminant plot of the four-dietary treatments (CON; blue [,
ALG20; green [, ALG40; red A, and ALG60; purple 5/) throughout the experimental
period. The proportions of the samples that were correctly classified were 88.1%. Wilks’
lambda was observed at 0.063 for Function 1 (p < 0.001) and 0.321 for Function 2 (p = 0.036),
while the relative abundance of Firmicutes, Ruminococcus flavefaciens, Methanomassiliicoc-
cales, Methanobacterium formicicum, Methanobrevibacter spp., Archaea, Neocallimastigales,
Fungi and Methanosphaera stadtmanae were the variables that contributed the most. CON
variables were significantly (Function 1) classified apart of the microalgae fed groups,
while ALG20, 40, and 60 showed a minor overlapping (Function 2), indicating that there
was not significant dose-depended effect and especially between ALG40 and ALG60
groups, which consumed comparable microalgae amount.

In addition, a second discriminant test was performed to pooled data of three microal-
gae treatments (ALG20, ALG40, and ALG60) on rumen microbial community (Figure 2B)
in order to examine if the samples can be discriminated according to the three-sampling
times (20th; blue [J, 40th; green O, and 60th; red A\). The proportions of the samples that
were correctly classified, according to the sampling time, were 100%, while Wilks’ lambda
was observed at 0.047 for Function 1 (p < 0.001) and 0.272 for Function 2 (p = 0.001) and
the relative population of Fibrobacter succinogenes, Streptococcus bovis, Neocallimastigales,
Fungi, Prevotella sp., Butyrivibrio proteoclasticus, Methanomassiliicoccales, and methanogens
were the variables that contributed the most.

Overall, the supplementation of microalgae Schizochytrium spp. in goats” diet, sig-
nificantly affected the investigated variables. The variables of microbial community in
20th days interval were clearly separated by the others (40th and 60th day) in Function 1
representing a 64% of eigenvalue variance.
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3.3. Relative Abundance of Specific Microbes

Figure 3 depicts the mean relative abundance of studied microorganisms adhering to
feed particles in the rumen of goats of CON, ALG20, ALG40, and ALG60 groups on three
alternate sampling times (20th, 40th, and 60th) illustrated in column bars (£ Standard Error
of Means) as a proportion of total rumen bacterial 165 ribosomal DNA. The dominant ru-
men phylum, Bacteroidetes, showed a tendency to decrease (p = 0.065) in ALG60 compared
to the CON group. In the same way, the phylum Firmicutes, were significantly decreased
(p < 0.001) in microalgae fed goats by 25, 40, and 32% in ALG20, ALG40, and ALG60 groups
respectively, compared to the CON group. Rumen protozoa were numerically increased
(p =0.102) in ALG20 goats compared to the CON group, while the predominant ciliate
rumen protozoa, Entodinium, showed a 1.3-fold increase (p = 0.076) in the aforementioned
dietary group. Milk fat content was positively correlated with Firmicutes relative abun-
dance, while total protozoa and Enfodinium relative abundance were negatively correlated
with fat content (Figure 5). The anaerobic fungi Neocallimastigales were decreased signifi-
cantly (p = 0.016) in microalgae fed goats by 25, 50, and 50% in ALG20, ALG40, and ALG60
groups respectively, compared to the CON group. Furthermore, rumen particle-associated
Neocallimastigales were increased significantly (p < 0.001) after the 20th day of the trial
(Figure 4; Table S1). Total Archaea relative proportion were mitigated (p < 0.001) by 28, 46,
and 46% in ALG20, ALG40, and ALG60 respectively, compared to the CON group.
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Fung:
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Methanomassiliicoccales
Mecthanogens

Eubacterium ruminantinm
Ruminobacter amylophilus
Ruminococcus flavefaciens
Ruminococeus albus
Strepiococcus bovis
Butyrivibrio fibrisolvens
Butyrivibrio proteoclasticus
Prevorella sp

Prevotella brevis

Prevorella ruminicola
Fibrobacier suceinogenes
Selenomonas ruminantivm
Methanosphaera stadtmanae
Meihanobrevibacier spp.
Methanobacterium formicicum
Milk vield

Fat %

Protcin %

-

* pP<(.05 ** P<0.01

~

rio fibrisolvens

Methanobacterium formicicum

Methanobrevibacter spp.

Butyrivibrio proteociasticus
Methanosphaera stadimanae

Ruminobacter amylophilus

Ruminococcus flavefaciens
Fibrobacter succinogenes

Bacteroidetes

Fimmicutes

Protozoa

Entodiniuvm

Fungi

Neocallimastigales
Archaca
Methanomassiliicoccales
Methanogens
Eubacterium ruminantium
Prevotella sp

Prevotella brevis
Prevotella riminicola
Milk yield

Fat %

Protein %

S 05 025 0

025 05 075 N /

Figure 5. Pearson correlation heatmap of relative abundances of specific microbes adhering to rumen feed particles and

milk performance of goats (milk yield, fat, and protein content).
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The same trends were observed in relative abundance of Methanomassiliicoccales
(p <0.001) and total methanogens (p = 0.041). Particularly, in Methanomassiliicoccales
were observed a decrease of 47, 47, and 66% in ALG20, ALG40, and ALG60 respectively,
compared to the CON group. Similarly, methanogens were mitigated 46, 58, and 58%
in microalgae fed goats compared to the CON group. In addition, methanogens and
Methanomassiliicoccales in CON group showed a significant increase after the 20th day
of the experiment (Figure 4). These alterations were also found at species level since
Methanosphaera stadmanae, Methanobrevibacter spp. and Methanobacterium formicicum were
significantly decreased by the inclusion of Schizochytrium spp. in goats diet compared
to the CON group. In detail, Methanosphaera stadmanae were decreased (p = 0.026) by 50,
50, and 75%; Methanobrevibacter spp. were decreased (p = 0.048) about 80, 85, and 80%
and Methanobacterium formicicum were decreased (p = 0.001) by 72, 85, and 72% in ALG20,
ALG40, and ALG60 groups respectively, compared to the CON group. Collectively, the stud-
ied methanogenic microbes were positively correlated with each other (Figure 5). Regarding
the fibrolytic bacteria, Eubacterium ruminantium, Fibrobacter succinogenes, and Ruminococ-
cus albus did not show significant alterations. However, Ruminococcus flavefaciens were
decreased (p = 0.004) in rumen bacteria adhering to feed particles of goats fed with mi-
croalgae up to 85% compared to the CON group. Amylolytic bacteria, Streptococcus bovis
and Ruminobacter amylophilous were not significantly affected between dietary treatments,
despite their remarkable fluctuations. However, Ruminobacter amylophilous in ALG60 group
showed a significant upward trend after 40 days of interval that was accompanied by a high
SEM (Figure 4). Biohydrogenating bacterium, of Butyrivibrio proteoclasticus did not show
significant alterations between dietary treatments, howbeit, in B. fibrisolvens a significant
(p < 0.000) decrease by 25, 37, and 22% were observed in ALG20, ALG40, and ALG60
respectively, compared to the CON group.

Likewise, the dominant protein utilization bacteria genus of Prevotella were also
not significantly affected by microalgae dietary inclusion, while a significant negative
correlation was observed within Prevotella and B. fibrisolvens (Figure 5). Interestingly,
Prevotella ruminicola were decreased by approximately 50% (p = 0.009) in ALG40 and
ALG60 groups compared to CON and ALG20 groups.

4. Discussion

In the present study, significant milk fat depression (MFD) occurred simultaneously
with a mitigation of Firmicutes abundance in the rumen particle-associated digesta in
high microalgae supplementation levels (ALG40 and ALG60) as also supported by their
positive correlation. Ruminants are fully dependent on their rumen microbiota for feed
fermentation and consequently the composition of their products is deeply affected by
the symbiotic microorganisms and their metabolites. This creates a linkage between the
bacterial metabolites of the rumen microbiome and the productive characteristics of the host
animal during lactation. Interestingly, Jami [38] observed that the ratio of rumen Firmicutes
to Bacteroidetes is positively correlated with milk fat percentage. Indeed, the same trend
was observed for the relative abundance of Bacteroidetes that remained unaffected, while
the Firmicutes tended to decrease (p = 0.100) by the dietary supplementation with 20.8 g
Schizochytrium spp./day in MFD ewes [9,39].

Dietary supplementation levels with Schizochytrium spp. mitigated the relative abun-
dance of Archaea and methanogens in rumen solid adherent microbes of treated goats
compared to the CON group. Members of domain Archaea constitute about 0.3 to 4%
of rumen microbial DNA (16s and 18s rRNAs) [40]. Approximately all of these Ar-
chaea, are methanogens that produce methane (CHy) via two main pathways: (a) the
hydrogenotrophic pathway (Methanobrevibacter spp., Methanobacterium formicicum) [1],
converts Hy and CO; formed by the bacteria, protozoa, and fungi to CHy, and (b) the
methylotrophic pathway (Methanosphaera stadtmanae) in which methanol resulting by the
hydrolysis of methanolic side-groups of plant polysaccharides metabolized into CHy [41].
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Considering that Methanobrevibacter spp. population is the dominant methanogen
and represents at least 65% of the rumen methanogens [42] and that CHy is produced
primarily via the hydrogenotrophic pathway, the results of our study suggest that the di-
etary supplementation of goats with Schizochytrium spp., might be a promising nutritional
strategy to reduce the methanogens population with beneficial effects on the environment.
Moreover, in relation to its involvement on environmental issues, CHy production in ru-
men, negatively affects ruminants feed efficiency representing a loss of 2-15% of the gross
energy [18]. Performing a whole rumen metagenome sequencing, Delgado [43] observed
that individuals with lower relative abundances of Firmicutes and methanogenic Archaea
were more efficient in feed utilization. Indeed, in ALG60 goats, where Firmicutes and
methanogens relative abundances were mitigated, the milk yield according to FCMye,
and body weight were not significantly affected, despite the reduction in concentrate
intake compared to the other dietary groups (33% reduced concentrate DMI) suggesting
a more efficient feed utilization. The latter may be attributed to a potential enhancement
of reductive acetogenesis activity due to methanogenesis inhibition [44]. Specifically, the
acetogenic bacteria may benefit from a higher availability of H, in rumen dependent on
the methanogenesis suppression; therefore, the host may exploit the produced acetic acid
for productive purposes. A significant inhibition in the methanogens has been previously
observed by the addition of fish oil [45] and red algae; Asparagopsis taxiformis [46] in the
rumen liquid of cows in vitro, and by the supplementation with DHA-rich microalgae
in sheep rumen digesta using RUSITEC technique [47], while to the best of our knowl-
edge no in vivo studies exist concerning the impact of DHA-rich microalgae such as the
Schizochytrium spp. on methanogens population in goats’ rumen.

Although CHy is produced mainly by the above pathways, methanogens interact
with other protozoa, bacteria, and fungi within the rumen, via interspecies Hj transfer.
Such interactions are pivotal for rumen fermentation as they prevent Hy accumulation
and the consequent feedback fermentation inhibition. The majority of methanogenic mi-
crobes float in rumen liquid or live as a consortia within the biofilm adhering to feed
particles [42]. Protozoa indirectly contribute to the CHy formation through their high
production of Hy. In detail, protozoa in rumen form two volatile fatty acids (VFA); butyrate
and acetate, whose synthesis produces 2 and 4 M of hydrogen respectively, per M of fer-
mented glucose [48]. Approximately 50% of this Hj is converted to CH4 by methanogenic
Archaea which are either ectosymbionts or endosymbionts in protozoa cells [49,50]. A
meta-analysis by Guyader [49] reported that the protozoa abundances were decreased in
the majority of the experiments testing lipids supplementation on ruminants’ diet, due
to changes in membrane permeability, resulting in cell lysis [51,52]. However, the study
of Jordan [53] clarified that protozoa membranes are more susceptible to the action of
medium chain fatty acids (lauric acid rather than the PUFA action). Indeed, the fact that
Schizochytrium spp., which were supplemented in goats’ diets were rich in PUFAs (DPA and
DHA), further support the aforementioned assumption. A previous study [54] also failed
to show any significant change in protozoa population when DHA-rich oil was infused
in goats’ rumen at 2.5, 5, and 10 g/day, while in the study by Vargas [47] ciliate protozoa
were increased about 1.3-fold by the supplementation with DHA-rich microalgae in sheep
rumen digesta using the RUSITEC technique. Despite the mutualistic relationship of proto-
zoa and methanogenic Archaea in regard to CHy production, the selective mitigation of
methanogens in response to dietary supplementation with Schizochytrium spp. levels, may
underlie a potential beneficial impact of a large-scale microalgae application in ruminants’
diet. Specifically, a meta-analysis by Newbold [50] summarizing the effect of protozoa
defaunation, indicated that rumen organic matter digestibility and specifically NDF and
ADF digestibility were significantly decreased (—7%, p = 0.008; —20%, p = 0.040 and —16%,
p = 0.100 respectively) as a result of the loss of protozoal fibrolytic activity with consequent
feed efficiency depression. This observation may further supports the negative correlation
between protozoa abundance and milk fat content that was observed in the present study.
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Furthermore, a reciprocal relationship has also been reported between Archaea-
methanogens and fungi in in vitro co-cultures since the first one is physically attached
to anaerobic fugal biomass and enhances their fibrolytic activity, while simultaneously
convert fungal degradation end-products to CHy [55]. Indeed, the observed positive
correlation between total anerobic fungi and their single order Neocallimastigales with
methanogens, indicating the aforementioned complementary link and highlights in vivo
and in vitro similarities. In partially agreement with our study the supplementation of
DHA-rich microalgae oil in sheep rumen digesta [47] decreased anaerobic fungi by 50%;
however, the results in this case were not significant.

The nutritional interventions with high dietary PUFA should also be evaluated by
taking into account their effect in vivo on the whole rumen microbiota, since PUFA might
have toxic effects on various microorganisms such as the cellulolytic bacteria [17]. Ru-
men microbiota adhering to feed particles account up to 91% of both endoglucanase and
xylanase activity, 70% of the amylase action, and 75% of the protease activity in the ru-
men [19]. Hence, the particle-associated microbiota constitutes the most representative
rumen fraction in evaluating the abundance of feed degrading microbes with emphasis on
fibrolytics [56,57].

In our study, the cellulolytic bacteria E. ruminantium, F. succinogenes, and R. albus
did not show significant alterations, while R. flavefaciens were decreased in microalgae
fed goats. Indeed, in the study of Maia [17], cellulolytic bacteria were the most sensitive
microbial group to PUFA toxicity. However, the most intense sensitivity was observed on
R. flavefaciens that were unable to grow even with the minimum experimental linoleic acid
level in vitro (20 Ig LA mL™1). In the study of Vargas [47], the supplementation of DHA-rich
microalgae oil in sheep diet did not affect the relative abundance of F. succinogenes, R. albus,
and total Butyrivibrio spp. in the rumen digesta, while S. bovis were decreased significantly
in a similar manner with the present study, although our reduction was only numerical.
Interestingly, it has been reported that either DHA supplementation on fistulated goats [54]
or fish oil inclusion in cows’ diet [58] affect the majority of cellulolytic bacteria in rumen,
while in our study, Schizochytrium spp. dietary supplementation decreased only R. flavefa-
ciens. Taking into account these sets of evidence, apart from potential species variations
between ruminants, the source of these PUFA (microalgae) may also play a central role
in microbiome modulation, since a proportion of PUFA may be protected by microalgae’
cell wall.

Except of the fibrolytic species per se, also non-fibrolytic bacteria are pivotal for fiber
utilization in the rumen due to the ability of the second category to enhance fibrolytic
activity through an interaction termed "cross-feeding" [59]. Non-fibrolytic P. ruminicola
and S. ruminantium have been reported to synergize with fibrolytic bacteria in improving
fiber digestion. Indeed, S. ruminantium enhances fiber digestion when co-cultured with
R. flavefaciens by the conversion of succinate into propionate [59]. In our study, non-
fibrolytic bacteria were not significantly affected by the microalgae supplementation, while
P. ruminicola showed a peak in ALG20 goats. In agreement with our results, the dietary
supplementation with 20.8 g Schizochytrium spp./day in MFD ewes [9,39] or the inclusion
of pure DHA in batch cultures of cattle and sheep rumen microorganisms [60] did not
significantly affect Selenomonas genus.

Regarding Prevotella genus, the existing knowledge appears to be quite controversial;
in both in vivo [39] and in vitro [47] trials, the supplementation of DHA-rich microalgae
did not affect Prevotella abundance in rumen digesta, while the inclusion of pure DHA
in batch cultures of rumen microorganisms significantly decreased their abundance [60].
Such mixed outcomes point out the importance of the in vivo trials in which, the holistic
rumen habitat is assessed.

B. fibrisolvens are involved in the initial step of rumen biohydrogenation in which
PUFA are hydrogenated to trans-11 C18:1 (Vaccenic acid, VA), while B. proteoclasticus are
further hydrogenate the VA to C18:0 (Stearic acid, SA) [61,62]. In our previous study [12],
Schizochytrium spp. dietary supplementation decreased SA proportion up to 60% and 80%,
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while increased VA up to 21- and 6-fold in blood plasma and milk respectively, indicating a
severe biohydrogenation inhibition. Nevertheless, B. proteoclasticus relative abundance were
not significantly decreased in the particle-associated rumen digesta despite the formation
of the above intermediates, while B. fibrisolvens were decreased. Likewise, in some other
in vivo studies the Schizochytrium spp. did not reduce the population of B. proteoclasticus
when added in goats’ diets at 18.6 g/kg DM [63] or 6.1 and 18.3 g, respectively [64], or when
lactating ewes were supplemented with 16 or 24 g/kg DM with DHA Gold [65] despite
the significant accumulation of VA in rumen. These evidences support the hypothesis by
Maia [66], which suggested that specific PUFAs toxicity is probably occurred through a
metabolic effect in Butyrivibrio group rather than a disruption of their bilayer membrane.

5. Conclusions

The dietary supplementation with 20 g of Schizochytrium spp. inhibited the methanogens
populations and Ruminococcus flavefaciens in rumen particle-associated microbiota. In this
level, Schizochytrium spp. may be a promising, sustainable, and alternative to fish oil
dietary strategy to mitigate livestock carbon footprint. The higher levels of microalgae
inclusion showed a trend to further negatively affect the microbes that involved to feed
utilization within the rumen. However, further research is needed in order to bridge the
knowledge of the rumen microbiome network with its biochemistry activity and clarify
if the Ruminococcus flavefaciens suppression is a substantial factor to influence the feed
efficiency on farm scale. Targeted microbial reprogramming in rumen, through innovative
dietary supplementations, could own a pivotal role in future’s animal husbandry.
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