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Abstract

Background In the context of the RABOLA project, which aimed to identify operational practices that lead to the
reduction of antibiotic use in dairy cattle farming, lyophilised Aloe arborescens was administered orally to cows during
the dry-off and peripartum periods. In this specific paper we wanted to examine whether oral administration of

Aloe arborescens, in combination with the topical application of a teat sealant could exert an effect on the microbial
populations of three cow microbiomes (rumen, milk, rectum), between dry-off and peripartum. Dry-off and
peripartum are critical physiological phases of the cow’s life, where both the mammary gland and the gastrointestinal
tract undergo dramatic modifications, hence the relevance of evaluating the effects of dietary treatments.

Methods Thirty multiparous dairy cows were randomly allocated to three groups: Control (antibiotic treatment

and internal teat sealant), Sealant (only internal teat sealant) and Aloe (internal teat sealant and Aloe arborescens
homogenate administered orally). For 165 rRNA gene sequencing, rumen, rectum and milk samples were collected,
not synchronously, at the most critical timepoints around dry-off and calving, considering the physiological activity of
each biological site.

Results The rumen microbiome was predominantly characterized by Bacteroidetes and Firmicutes followed by
Proteobacteria, while the rectum exhibited a prevalence of Firmicutes and Bacteroidetes. The milk microbiome mainly
comprised Firmicutes, Proteobacteria, Actinobacteria and Bacteroidetes. Alistipes spp., Ruminococcaceae UCG-10
group, Prevotellaceae UCG-001 group, and Bacteroides spp., involved in cellulose and hemicellulose degradation,
enhancement of energy metabolism, and peptide breakdown, showed increment in the rectum microbiome with
Aloe supplementation. The rectum microbiome in the Aloe group exhibited a significant increase in the Firmicutes

to Bacteroidetes ratio and alpha-diversity at seven days after dry-off period. Beta-diversity showed a significant
separation between treatments for the rectum and milk microbiomes. Aloe supplementation seemed to enrich milk
microbial composition, whereas the Sealant group showed greater diversity compared to the Control group, albeit
this included an increase in microorganisms frequently associated with mastitis.
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Conclusions Aloe arborescens administration during the dry-off period did not demonstrate any observable impact
on the microbial composition of the rumen, a finding further supported by volatilome analysis. Instead, the oral Aloe
supplementation at dry-off appears to significantly influence the composition of the dairy cow rectum and milk

microbiomes in the following lactation.
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Interpretive summary

This study aimed to investigate the effects of supplementation with polysaccharide-rich Aloe arborescens, which
has anti-inflammatory, immunostimulant, antibacterial, and antioxidant properties, on the rumen, rectum and milk
microbiomes of dairy cows during the transition period. This dietary supplementation appears to exert a significant
influence on the composition of the rectum and milk microbiomes in dairy cows, modulating both richness and
microbial composition, but it has no effect at the rumen level.

Background

Intra-mammary infusion with long-acting antibiotics at
dry-off (dry cow therapy, DCT) is a long-standing prac-
tice in the dairy industry [1] to (i) cure existing infections
at dry-off, (ii) decrease the risk of new infections during
the dry period, (iii) reduce the risk of clinical mastitis at
the start of next lactation, and (iv) decrease the somatic
cell count during the early lactation. For a long time,
DCT has been used to treat all quarters of all cows with
antibiotic administration (blanket DCT, or BDCT); how-
ever, more recently the approach of selectively treating
only infected cows or quarters (selective DCT, or SDCT)
has emerged [2]. Over the years, the problem of antibi-
otic resistance in veterinary and human medicine has
become progressively more alarming, with an increased
hazard of ineffective treatment of bacterial infections
[3]. Consequently, it is apparent that the unnecessary
administration of antibiotics is clearly unsustainable, and
therefore it becomes crucial to be able to control direct
antibiotic use and the release of antibiotic residues in the
environment [4, 5]. In several European countries there
has been a drastic reduction in the use of antibiotics in
livestock, with the approval of a new legislation (EU
regulation 2019/6) which bans the use of antibiotics for
preventive purposes; the antimicrobial therapy can no
longer be applied to all animals in a preventive manner
(as in BDCT), but can only be administered for treatment
of diagnosed intra-mammary infection (IMI) based on
somatic cell count (SCC) or bacterial culture, as in SDCT
[3].

From the farm management perspective, around partu-
rition cows have difficulties to adapt to the nutrient needs
for lactation [6], and this results in a physiological imbal-
ance with incremented risk of digestive, metabolic and
infectious diseases [7-9]. The use of plant-based addi-
tives with proven nutraceutical properties has emerged as
a promising option to improve animal health, especially

during critical phases like peripartum and the drying
period. Nutraceuticals, including dietary supplements,
herbal products, and processed feeds, have demonstrated
potential in supporting the modulation of rumen fer-
mentation and gut microbiota as well as exerting effects
on the immune system and metabolic activities. These
effects are primarily attributed to their antioxidant, anti-
microbial, and immune-stimulating and /or modulating
properties, particularly in the period before and after
parturition [6], when inflammatory phenomena are fre-
quent and the acute phase response in the liver is partic-
ularly severe [8].

Given its therapeutic properties Aloe spp. has been
widely used in traditional medicine for years: out of over
400 Aloe species belonging to the family Liliaceae, the
most therapeutically relevant are Aloe vera, Aloe arbore-
scens and Aloe ferox [10]. These species have high water
content (~ 99%) and the remaining 0.5-1.0% of solid
material is reported to contain more than 75 different
potentially active compounds, including water- and fat-
soluble vitamins, minerals, enzymes, simple and complex
polysaccharides, phenolic compounds and organic acids
[11]. Many of these compounds reveal beneficial effects
with anti-inflammatory, immune-stimulant, anti-hyper-
lipidemic, anti-bacterial and antioxidant properties [12].

Further yet, in animals (as well as in humans) the
microbiome of the gastrointestinal tract is involved in
maintaining the health homeostatis of individuals, with
a principal role in the host’s barrier defence mecha-
nism and in numerous metabolic, physiological, nutri-
tional and immunological processes [13]. In ruminants,
the physiological role of gastrointestinal microbiomes
is especially complex, given the presence of the rumen
which acts as the major gut microbiome. Among all the
environmental factors, diet and dietary supplementations
are known to have a great impact on the composition and
metabolic activity of the gut microbiome [14].
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Considering all of the above, it is therefore of scientific
and practical interest to evaluate the effects of Aloe sup-
plementation, in addition to teat sealant, on the, micro-
bial populations of the rumen, rectum and mammary
gland of cows treated and not with antibiotics at dry off
and around calving.

Cattaneo et al. [15] evaluated the effect on the rumen
activity, immunometabolic profile and milk yield of a
dietary supplementation with lyophilized Aloe arbore-
scens in cows that did not receive antibiotic therapy the
week before and after dry-off. Using the same animals
and the same experimental design, the aim of the present
study was to evaluate the influence of lyophilized Aloe
arborescens dietary supplementation on the microbial
populations of the rumen, rectum and milk of dairy cows
treated with: (i) intramammary antibiotics (BDCT), (ii)
teat sealant, and (iii) teat sealant plus oral administration
of lyophilized Aloe. The three microbiomes were sam-
pled at most critical timepoints: before, at and after dry-
off, and after calving (milk microbiome only), based on
the physiological activity of each biological site. For this
reason, sampling was not synchronous. The results pre-
sented here offer a comprehensive overview of the effect
on multiple cow microbiomes when moving from BDCT
to SDCT replacing the prophylactic use of antimicrobials
with teat sealant and aloe administration.

Materials and methods

Experimental design and sampling

In the context of the RABOLA project, a large experi-
ment was carried out, which involved 30 multipa-
rous dairy cows randomly allocated to three groups
of 10 healthy cows each: (1) control group (Control)
— cows dried off following the typical antibiotic treat-
ment (Mamyzin, Boehringer Ing.Anim.H., Italy) and the
application of internal teat sealant (Noroseal, Norbrook
Laboratories Limited); (2) cows dried off using only the
internal teat sealant (Sealant); (3) cows with the internal
teat sealant and oral administration of 200 mL per day of
whole leaf homogenate of Aloe arborescens supplemented
to their diet, from —7 to +7 days from the dry off (Aloe).
The dose of Aloe was calculated so to provide similar dry
matter amount to all animals [15].

Full details on cow enrolment and diet, and on the Aloe
arborescens supplementation are reported in Cattaneo
et al. [15]. Briefly, only healthy cows, without intramam-
mary infections due to major pathogens, were recruited:
animal’s groups were balanced for parity, previous lac-
tation length, and somatic cell counts (SCC) record.
Rations were formulated according to the National
Research Council [16] guidelines. For the microbiome
analysis, rumen samples were collected at -14 (T1 in this
study) and 0 (T2 in this study) days from dry-off; rectum
samples were collected at -14 (T1), 0 (T2) and 7 (T3)
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days from dry-off, while milk samples at -14 (T1) days
from dry-off and 28 (T4) days after the following calving.
Rumen fluid was collected before feeding using a rumen
probe (Ruminator; profs-products.com). The first liter of
rumen fluid was discarded to avoid saliva contamination,
and the next 0.5 L was retained for sampling. Clean jar
glass was used for each cow and the probe was flushed
thoroughly with tap water between cows. Fecal samples
were collected from spontaneous defecation in ster-
ile plastic jars. Milk samples were collected in sterile 15
mL vial after cleaning the operator’s nitrile gloves and
cow teats with alcohol and unloading the first five shots.
Sampling was not synchronous due to the different physi-
ological activities of each biological site. The study design
with the detailed sampling collection scheme is reported
in Supplementary Material (Supplementary File - Fig. 1),
where the sampling timepoints are highlighted (circled).

Microbiological analysis
One-milliliter raw milk samples (T1, T4) were serially
diluted in quarter-strength Ringer’s solution (Scharlau
Microbiology, Barcelona, Spain) and inoculated in dif-
ferent media for bacterial count. Total mesophilic and
psychrophilic bacteria (TMB) were counted on Petrifilm
Aerobic Count Plate (3 M, Minneapolis, MN, USA) at
30° C for 72 h and 7 °C for 10 days, respectively; Entero-
bacteriaceae and Escherichia coli were detected on SEN-
ECA agar (Biolife Italiana, Milan, Italy) at 37 °C for 24 h
while coagulase-positive Staphylococcus were counted on
Baird Parker agar with a rabbit plasma fibrinogen supple-
ment (BP+RPF) (Biolife Italiana) incubated at 37 °C for
24-48 h. Lactic acid bacteria (LAB) were enumerated on
de Man Rogosa Sharpe (MRS) agar ((Scharlau Microbi-
ology) under anaerobic conditions (AnaerocultA, Merck,
Darmstad, Germany) at 37 °C for 72 h while the content
of enterococci was determined in Kanamycin Aesculin
Azide (KAA) agar (Biolife Italiana) at 37 °C for 48 h.
Fecal samples (10 g) (T1, T2 and T3) were homog-
enized in 90 mL of a 2% (w/v) sterile Buffered Peptone
water (Biolife Italiana) for 2 min in a Stomacher Bag-
Mixer (Interscience, St. Nom, France). Samples were
serially diluted in quarter-strength Ringer’s solution
(Scharlau Microbiology) and plated in the same media
used for the analysis of raw milk samples.

DNA extraction and purification
Rumen liquor samples — Deoxyribonucleic acid extrac-
tion was performed from 0.25 g of lyophilized rumen
fluid samples following the protocol described in litera-
ture [17]. This protocol is widely used to extract bacte-
rial DNA from rumen samples combining chemical and
mechanical sample’s lysis [18].

Rectum samples - Using the commercial QIAamp Pow-
erFecal Pro DNA Kit (Qiagen, Hilden, Germany), the
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Fig. 1 Distribution of alpha-diversity. Boxplots of the alpha-diversity indexes (ACE, Chao1, Fisher’s alpha, observed n. of OTUs, Shannon and Simpson
diversity) in the three experimental groups (Control, Sealant, Aloe) at the different timepoints (x-axis) for the three microbiomes (rumen, rectum and milk).
The significance of differences in alpha-diversity indexes between experimental groups for the rumen (left), rectum (center), and milk microbiomes (right)
at different time points was highlighted
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bacterial DNA was extracted from each rectum sample
following the manufacturer’s protocol.

Milk samples - For each quarter, 5 mL of milk were
analysed by using a DNA extraction method based on the
combination of a chaotropic agent, guanidium thiocya-
nate, with silica particles, to obtain bacterial cell lysis and
nuclease inactivation as previously described [19, 20].

All the DNA samples were assessed using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE, USA) to check the quality and the
quantity. The isolated DNA was stored at —20 °C until
use.

16S rRNA gene library preparation and sequencing
Bacterial DNA was amplified using the primers described
in literature [21] which target the V3—V4 hypervariable
regions of the 16S rRNA gene. All PCR amplifications
were performed in 25 pL volume per sample.

For rumen liquor and rectum samples, a total of 12.5
uL of KAPA HIFI Master Mix 2x (Kapa Biosystems, Inc.,
Wilmington, MA, USA) and 0.2 uL of each primer (100
uM) were added to 2 pL of genomic DNA (5 ng/pL).
Blank controls (i.e., no DNA template added to the reac-
tion) and positive sample (DNA extracted from the same
type of samples and previously analysed) were also per-
formed. For DNA from milk samples, a total of 12.5 puL of
Phusion High-Fidelity Master Mix 2x (ThermoFisher Sci-
entific, Walthem, MA, USA) and 0.2 uL of each primer
(100 uM) were added to 2 pL of genomic DNA (5 ng/pL).

A first amplification step was performed in an Applied
Biosystem 2,700 thermal cycler (ThermoFisher Scien-
tific). For rumen and rectum, the samples were denatured
at 95 °C for 5 min, followed by 25 cycles with a denatur-
ing step at 95 °C for 1 min, annealing at 56 °C for 1 min
and extension at 72 °C for 1 min, with a final extension
at 72 °C for 7 min. For milk, samples were denatured at
98 °C for 3 min, followed by 25 cycles with a denatur-
ing step at 98 °C for 30 s, annealing at 56 °C for 1 min
and extension at 72 °C for 1 min, with a final extension at
72 °C for 7 min.

Amplicons were cleaned with Agencourt AMPure XP
(Beckman, Coulter Brea, CA, USA) and libraries were
prepared following the 16S Metagenomic Sequencing
Library Preparation Protocol (Illumina, San Diego, CA,
USA). The libraries obtained were quantified by Real
Time PCR with KAPA Library Quantification Kits (Kapa
Biosystems, Inc., MA, USA), pooled in equimolar pro-
portion and sequenced in three different MiSeq (Illu-
mina) runs with 2x250-base paired-end reads each.

Volatilome analysis on rumen samples

The volatilome produced by bacteria in rumen liquor
samples was determined by means of Head-Space Solid
Phase Micro Extraction module on 30 multiparous dry
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cows divided in three different groups, with 10 cows for
each group, as described in experimental design, and ana-
lysed at timepoint T1 (before treatment) and timepoint
T2 (at dry-off) in each group of cows. An aliquot of 2.5 g
of rumen liquor was weighed in a 20 ml head-space glass
bottle, added 3 g of sodium chloride, to emphasize the
passage of volatile molecules into the headspace, sealed
with a PTFE-silicone septum and analysed by means of
a Combi-Pal automated sampler (CTC Analytics AG,
Zwingen, Switzerland) coupled to an Agilent 6890 gas
chromatograph with an Agilent 5975 mass spectromet-
ric detector (Agilent Technologies) and a polar column
[22]. The chromatographic conditions were those present
in literature [23] and the volatile compounds were iden-
tified using the Wiley 7n-1 MS library on Agilent MSD
ChemStation® software (Agilent Technologies Inc.) and
calculated by the peak area (arbitrary units) of the cor-
responding selected ion.

Milk fatty acids analysis

Milk fatty acid (FA) profile was determined in milk of the
cows before (T1) and after (T4) administration of Aloe
arborescens. The milk fat extraction from the samples
was obtained by means of centrifugation of the milk for
20 min at 4100 g at 4 °C. The obtained cream was cen-
trifuged for 20 min at 15,060 g in a room temperature
centrifuge (Eppendorf-centrifuge 5425) [24] and the clear
fat obtained used for base-catalysed transesterification of
the FA according to Christie [25]. The FA methyl esters
in hexane were injected into a gas chromatograph (GC)
Agilent 7890 GC system (Agilent Technologies) equipped
with on-column injector, and an FID detector. The sepa-
ration was performed on a 100% dimethylpolysiloxane
column (CP-Sil88 for FAME, 100 mx0.25 mmx20 pm).
Chromatographic conditions were 240 °C and 275 °C
for the injector and detector ports, respectively. The
oven temperature programme was initially set at 50 °C
(5 min) and then increased to 170 °C at 5 °C/min, where
it remained for 31 min and then increased at a rate
of 15 °C/min to 230 °C, where it remained for the last
20 min. The carrier gas was hydrogen.

Bioinformatic processing of 16S rRNA gene sequencing
data

Demultiplexed paired-end reads from 16S rRNA gene
sequencing were first checked for quality using FastQC
[26] for an initial assessment. Forward and reverse
paired-end reads were joined into single reads using the
C++program SeqPrep [27]. After joining, reads were
filtered for quality based on: (i) maximum three consec-
utive low-quality base calls (Phred <19) allowed; (ii) frac-
tion of consecutive high-quality base calls (Phred>19) in
a read over total read length>0.75; (iii) no “N” -labeled
bases (missing/uncalled) allowed. Reads that did not
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match all the above criteria were excluded. All remain-
ing reads were combined in a single FASTA file for the
identification and quantification of OTUs (operational
taxonomic units). Reads were aligned against the Silva
database v.132 for closed-reference identification, with
97% cluster identity [28], applying the CD-HIT clustering
algorithm [29]. A predefined taxonomy map of reference
sequences to taxonomies was then used for taxonomic
identification along the main taxa ranks down to the
genus level (domain, phylum, class, order, family, genus).
By counting the abundance of each OTU, the OTU table
was created and then grouped at each phylogenetic level.
Records belonging to OTUs with total counts lower than
10 in fewer than 2 samples were filtered out. Prior to all
subsequent analyses, the filtered OTU table was nor-
malised for uneven amplification and sequencing depth
by cumulative sum scaling (CSS) [30] All of the above
steps, except the FastQC reads quality check, were per-
formed with the QIIME 1.9 open-source bioinformatics
pipeline for microbiome analysis [31].

Alpha- and beta-diversity indices

The microbial diversity of the different samples was
assessed within- (alpha-diversity) and across- (beta-
diversity) samples. The following alpha-diversity indices
were estimated from the OTU table for the three dairy
cow microbiomes: abundance-based coverage estima-
tor (ACE), Chaol, Fisher’s alpha, Shannon and Simp-
son, alongside the simple number of observed OTUs.
Details on the calculation of these indices can be found
in Biscarini et al. (S2 Appendix) [32]. The across-sample
microbiota (beta) diversity was quantified by calculating
Bray—Curtis dissimilarities [33].

Statistics and bioinformatics data analysis

All data related to microbiological analysis are pre-
sented as meanststandard error (SE). Differences among
the bacteriological counts were calculated by one-way
ANOVA using Minitab ver. 14.13 (Minitab Inc.). For each
of the three considered cow microbiomes, differences
between experimental groups (10 cows for treatment and
for each timepoint) in terms of alpha diversity indices,
F:B ratios and OTU counts were evaluated within time-
point using a linear model of the following form:

yij = p + treatment; + ¢; (A)

where y;; are individual alpha-diversity indices, F:B ratios
or normalised OTU counts for sample i belonging to
treatment group j; treatment j is the effect of treatment
as categorical effect (control, sealant, aloe); and e; are the
model residuals.

As for beta-diversity, Bray—Curtis distances
between groups along timepoints were evaluated

Page 6 of 17

non-parametrically using the permutational analysis of
variance (PERMANOVA) approach with 999 permuta-
tions [34].

To understand the association between the volatile
organic compounds produced by bacteria, all the vari-
ables need to be considered simultaneously, in order to
highlight the relationships with the various metabolic
processes. Unfortunately, many of the analyzed fatty
acids have mutual correlations, which generate a redun-
dant information and create difficulties in interpretation.
We used principal component analysis (PCA) to achieve
this goal. The PCA is a multivariate dimension reduction
technique principally aimed at synthesizing information
contained in a set of n observed variables (y;, ..., y,) by
seeking a new set of p (p<n) variables (X;, ..., Xp), named
principal components (PCs). The first PC (PC1) explains
most of the variability, whereas the remaining PCs (PC2,
PC3, .., PCn, n=number of variables) account for the
remaining variability in the data. Each PC is independent
and orthogonal to the others. Generally, the first few PCs
are sufficient to describe most of the total data variations
[35].

Reads from 16S rRNA gene sequencing were processed
with the QIIME 1.9 pipeline [29], used also to estimate
most diversity indices. The ACE index and sample-
based rarefaction were estimated using own Python
(https://github.com/filippob/Rare-OTUs_ACE.git) and
R (https://github.com/filippob/sampleBasedRarefaction)
scripts. PERMANOVA of Bray-Curtis distances was car-
ried out with the R package Vegan [36]. The plots were
generated using the ggplot2 R package [37]. Additional
data handling and statistical analysis were performed
with the R environment for statistical computing (R Core
Team R) [38].

Results

Microbiological analysis

As reported in Supplementary File - Tables 1 and 2, Aloe
arborescens administration did not affect the bacterial
content of the raw milk and faecal samples of the three
cow groups considered (Control, Sealant and Aloe).
Regardless of the experimental group, an increase of
about 1 log was observed in all bacterial groups (TMB,
psychrotrophic bacteria, Enterobacteriaceae, Escherichia
coli, LAB and enterococci) from the colostrum to the
mature milk (T4).

Alpha-diversity

Figure 1 shows the distribution of the alpha-diversity
indexes estimated for the rumen, rectum and milk
microbiomes in the three experimental groups (Con-
trol, Sealant, Aloe) at different timepoints (more
details on the alpha-diversity indices can be found in
Supplementary File - Table 3). From equation [A], no
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statistically significant differences (significance threshold:
p-value<0.05) between the three experimental groups
(Control, Sealant and Aloe) were found at any timepoint
in the rumen microbiota. Statistically significant differ-
ences (p-value<0.05) in alpha-diversity among the three
experimental groups were observed in the rectum (at
T2 and T3) and milk (T1 and T4) microbiomes. Nota-
bly, the number of significant differences between treat-
ments increased with time: from zero at T1 to six at both
T2 and T3 in the rectum microbiome, and from two at
T1 to five at T4 in the milk microbiome. This is consis-
tent with the effect of the experimental treatment over
time, after a lag necessary for the biological effect to be
exerted. Specifically, an increased microbial diversity was
observed with the Aloe arborescens treatment, especially
in the milk microbiota (p-values for all comparisons are
reported in Supplementary File - Table 5).
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Beta-diversity

Figure 2 reports the first two dimensions from the non-
metric multidimensional scaling of Bray-Curtis dissimi-
larities in the three dairy cow microbiomes at different
timepoints. In the rumen microbiome (Fig. 2A) no clear
clustering by treatment was observed (non-significant
p-value from PERMANOVA). In the rectum microbi-
ome (Fig. 2B), the distances between treatment groups
were significantly different (p-value<0.01), especially at
T3. In the milk microbiota (Fig. 2C), a statistically signifi-
cant (p-value<0.01) difference between treatments was
observed.

Firmicutes to Bacteroidetes ratio

Figure 3 reports the F: B (Firmicutes to Bacteroidetes)
ratio over time for the three experimental groups and
the different cow microbiomes. The F: B ratio showed a
significant increase at T3 in the rectum microbiome for
both the Sealant and Aloe (p-values 0.0402 and 0.0156)
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treatments with respect to the Control group. All other F:
B differences (rumen and milk microbiomes, other time-
points) were not significantly larger than zero.

Taxonomic characterization of rumen, rectum and milk
samples

The 16S rRNA gene sequencing data were further used to
estimate the relative abundance of microbial taxonomic
groups in the rumen liquor, rectum and milk microbi-
omes. A comprehensive list of the microbial phyla is pro-
vided in Supplementary File — Table 4.

From a descriptive standpoint, as illustrated in Fig. 4,
more than 80% of the microbial composition in the
rumen (Fig. 4A) consisted of Bacteroidetes (average
relative abundance: 41%), Firmicutes (36%) and Proteo-
bacteria (4%). Regardless of the treatments applied, Bac-
teroidetes increased in relative abundance (~2.5%) from

T1 to T2, while the relative abundance of Firmicutes and
Proteobacteria decreased (~ 2%).

For the rectum microbiota, most of the reads belonged
to Firmicutes (summing up to about ~65% on average
relative abundance) followed by Bacteroidetes (~ 25%);
the remaining 10% was composed by subdominant phyla
as Proteobacteria, Verrucomicrobia, Tenericutes, Cya-
nobacteria (Fig. 4B). From T1 up to T3, respect to the
Sealant group, the Aloe and Control groups revealed
an increase of Firmicutes and a reduction of the relative
abundances of Bacteroidetes.

A comparison between the Sealant and Control
groups showed that 11 OTUs were significantly different
(p-value<0.05) at T2, and 29 OTUs at T3. Out of the 29
OTUs, 19, including the genera Ruminococcaceae UCG-
010 and Bacteroides, exhibited a slightly positive differ-
ence, while Alloprevotella and Prevotellaceae UCG-001
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showed a statistically significant negative difference
compared to Control group. In the comparison between
Aloe and the Control group, 11 OTUs were significantly
different (p-value<0.05) at T2. Only Succinivibrio dis-
played a positive difference (Fig. 6, and Supplementary
File Excel). At T3, 36 OTUs were found to be different,
with only Clostridium in sensu stricto 1 showing a nega-
tive difference compared to the Control group (Fig. 6).
The remaining 35 genera, including Alistipes, Rumino-
coccaceae UCG-010, Ruminococcaceae UCG-014, Rumi-
nococcaceae UCG-013, Ruminococcaceae UCG-005,
Alloprevotella, Lachnospiraceae NK4A136 group, Lach-
nospiraceae AC2044 group and Bacteroides, increased
compared to Control group.

Before treatment (T1), Firmicutes (with an average
relative abundance of 40%), Proteobacteria (~30%), Acti-
nobacteria (~20%) and Bacteroidetes (~6%) comprised
the four predominant phyla collectively representing over
95% of the entire milk microbiota (Fig. 4C). This distri-
bution aligns with the composition of the healthy milk
microbiome as previously documented in literature [39],
or mentioned as the main constituents of dairy cows’
milk microbiota, regardless of the mammary gland status
[40]. At T4, an increase in Bacteroidetes (~8.5%) and a
decrease in Proteobacteria (~27%) were observed across
all experimental groups, regardless of treatment. Addi-
tionally, there was an increase in the Actinobacteria phy-
lum for the Aloe (+1.5%) and Control (+5%) groups and a
reduction for the Sealant (-3%) group. Finally, Firmicutes
exhibited a reduction in relative abundance for the Aloe
(-1%) group, an increase (+6%) in the Sealant group, and
remained stable for the Control group.

At the genus level, differences were identified when
analysing the two treatments compared to the Control
group. In the Sealant group, at T4, 93 OTUs showed
statistically significant differences (p-value<0.05): 69,
including Corynebacterium 1, Brevibacterium, Esche-
richia-Shigella, Staphylococcus, Ruminococcaceae UCG-
005, Psychrobacter, and Pelomonas, displayed a positive
difference respect to the Control group, while 24 exhib-
ited a statistically significant negative difference, includ-
ing Akkermansia and Rikenellaceae RC9 gut group, with
higher diversity (Fig. 5, Supplementary File Excel).

In the Aloe group, 96 OTUs resulted significantly dif-
ferent: among the 58 with a positive difference compared
to the Control group, Staphylococcus spp, Brevibacte-
rium, Corynebacterium 1, Atopostipes and Bacteroides
had the highest values. Conversely, among the 38 OTUs
with a negative difference, Escherichia-Shigella, Rumino-
coccaceae NK4A214 group, Akkermansia, Rikenellaceae
RC9 gut group, Pedomonas, Pelomonas and Pransereulla
were the most prevalent (Fig. 5, Supplementary File
Excel).
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Volatilome results
From the analysis of the rumen volatilome, 40 com-
pounds from the classes of acids, alcohols, sulfur com-
pounds, aromatic compounds and terpenes were
identified. Among these, the principal component analy-
sis (PCA) focused on the 16 most significant compounds
(Fig. 6), revealing two distinct groups. One group com-
prised volatile fatty acids (VFA), while the other included
compounds from the feed. The remaining compounds
did not exhibit apparent relationships with each other.
Furthermore, the distribution of the samples did not
display groupings associated with the treatments; in
some instances, variability attributed to the individual
animals was evident. Specifically, there was no observ-
able effect of Aloe treatment on the volatilome.

Milk fatty acids

The analysis of milk fatty acids aimed to investigate the
impact of administering Aloe arborescens at the doses
specified in this study on the acidic composition of milk
fat. The results of the analysis do not show significant
differences between timing T1 and T4 for all fatty acids
except for the C18:2¢9t11 (CLA) (p-value<0.01) and the
C10:1 (p-value<0.05) that are present in slightly lower
amounts following Aloe administration as reported in
Table 1.

Discussion

The dry-off period is a physiological phase marked by sig-
nificant changes in the metabolism of dairy cows, lead-
ing to alterations in metabolism and liver function. The
supplementation of lyophilized Aloe arborescens appears
to enhance adaptation to the dry period on two fronts:
at the rumen level and by modulating specific metabolic
pathways. The RABOLA project was the first scientific
effort to study rumen fermentation, milk production
and blood biomarkers upon in vivo supplementation
with Aloe spp. during dry-off in dairy cows that did not
receive antibiotic therapy but were administered only an
internal teat sealant instead [15, 41]. The project results
revealed altered proportions of volatile fatty acids (VFA)
and a reduction in dry fecal content. Interestingly, the
subsequent lactation showed an ameliorated inflamma-
tory status and increased milk yield, while milk compo-
sition, SCC, and mastitis incidence remained unaffected
by Aloe treatment. In the context of the same project,
in this work we examined the effects of lyophilized Aloe
arborescens dietary supplementation on the bacterial
components by analyzing the microbiomes of the rumen,
the rectum and the milk in thirty cows partly included in
the previous reports [15]. Our aim was to obtain a deeper
understanding of whether Aloe supplementation influ-
ences the dynamics of relevant microbial populations of
dairy cows.
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Bacteriology of milk and faecal samples

Aloe arborescens administration did not affect the bac-
terial content of the raw milk and faecal samples of the
three cow groups considered (Control, Sealant and Aloe).
On the other hand, our findings highlighted that the lac-
tation stage may influence the abundance of some bac-
terial groups in raw milk. In fact, we observed a one-log
increase of the level of total bacterial count, psychrotro-
phic bacteria, LAB and enterococci from colostrum to
mature milk. The lowest loads of microorganisms in milk
samples at calving could be related to the strong antimi-
crobial activity of bovine colostrum, which may hinder
the growth of Gram-positive and Gram-negative bacteria
[42]. To our knowledge, no data are available on the milk
microorganism content in relation to the cow lactation
stage, but similar results were obtained by Khodayar-
Pardo et al. [43] in human breast milk.

Effect of Aloe on the rumen microbiome

The rumen microbiota after a week of Aloe supplemen-
tation was not found to vary among treatments (after
adjusting for the timepoint) revealing the presence of
Bacteroidetes and Firmicutes as the prevailing phyla,
a common finding from cattle rumen microbiota [12,
44, 45]. No variations in composition and abundance of
OTUs were detected among the rumen microorganisms,
confirming the absence of effects of the Aloe treatment
on rumen fermentation and feed digestibility, as previ-
ously observed by adding Aloe arborescens homogenate
to rumen liquor during in vitro experiments [12]. Our
results were further supported by the volatilome analy-
sis, which showed no observable major effect on rumen
liquor composition after this diet supplementation.
This lack of impact can be attributed to the fact that the

samples were analyzed only seven days post treatment.
In fact, the plasma metabolome [41] reveals that Aloe has
positive effects when supplemented 7 days before and
after dry-off on liver function and have modulatory effect
on rumen fermentation.

It is also worth considering that the rumen and lower
gut microbiomes are different both in composition
and function due to their respective environments. The
rumen microbiota is rich in bacteria that degrade fibrous
feed through fermentation, producing volatile fatty acids
(VFAs), essential amino acids, and vitamins. In con-
trast, the lower gut microbiome contains bacteria with a
greater ability to absorb nutrients. Due to the wider vari-
ety of substrates available for fermentation, the microbi-
ome of ruminal fluid exhibits greater diversity compared
to that of feces. Consequently, the different composi-
tions of the bacterial populations may explain the varying
responses to dietary supplementation with Aloe arbores-
cens [46, 47].

Effect of Aloe on the rectum microbiome

As expected, the composition of the rectum microbiota is
influenced by diet and feed supplementation. Firmicutes
typically enhance the availability of nutrients, whereas
Bacteroidetes are less energetically favorable to the host
[48]. Alterations in diet have a notable impact on the Fir-
micutes: Bacteroidetes ratio [49]; our findings indicate an
elevated presence of Firmicutes and a reduction in Bac-
teroidetes in rectum samples from cows that received
Aloe arborescens supplementation. Following Aloe sup-
plementation, there was an increase in the abundance of
bacteria from the Alistipes spp., Ruminococcaceae UCG-
014, UCG-010, UCG-013 and UCG 005 groups, Prevotel-
laceae and Bacteroides genera. Ruminococcaceae spp.,
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Table 1 Fatty acid (FA) profile (g/100 g of fatty acid) in milk of
cows before (T1) and after (T4) administration of Aloe arborescens

Fatty Acid T T4 SE p-value
C4.0 347 357 040 ns
C6:0 227 213 0.20 ns
8.0 1.31 1.22 0.11 ns
C9:0 0.05 0.03 0.02 ns
C10:0 298 283 0.34 ns
C10:1 037 0.29 0.06 *
C11:0 0.08 0.07 0.04 ns
C12:0 355 347 0.50 ns
C13:0 anteiso 0.11 0.10 0.06 ns
c12:1 0.12 0.10 0.03 ns
C13:0 0.13 0.11 0.04 ns
C14:0iso 0.14 0.14 0.03 ns
C14:0 10.83 10.66 0.90 ns
C15:0is0 0.27 0.26 0.03 ns
C15:0 anteiso 0.51 0.50 0.10 ns
C141 1.51 1.30 0.26 ns
C15:0 125 1.30 024 ns
C16:0is0 032 033 0.06 ns
C15:1 0.03 0.02 0.01 ns
C16:0 3571 35.00 1.86 ns
C17:0is0 0.27 0.25 0.07 ns
C17:0 anteiso 0.20 0.25 0.09 ns
c16: 2.60 2.51 0.26 ns
C17:0 049 0.55 0.07 ns
c17:1 022 0.24 0.05 ns
C180 8.09 8.75 1.36 ns
C18:119 033 037 0.10 ns
c18:1t11 0.71 0.91 0.19 ns
C18:1c9 19.02 20.09 2.00 ns
c18:2tt 0.26 0.25 0.07 ns
C18:2n6 1.96 1.78 0.28 ns
C18:3n3 ALA 0.54 041 0.13 ns
C18:2co9t11 CLA 0.31 0.21 0.06 **
TOT FA% 100 100

ns=not significative; * = p-value <0.05; ** = p-value<0.01; ALA=a-linolenic acid;
CLA=Conjugated Linoleic Acid

together with the Lachnospiraceae spp., which showed
a slight increase in our study for NK4A136 and AC2044
groups, belong to the order Clostridiales and are bacteria
that degrade cellulose and hemicellulose. These bacteria
contribute to the enhancement of animal energy metabo-
lism by producing B-hydroxybutyrate and acetoacetate,
which serve as energy substrates for epithelial cells [50].
This process helps to improve the overall energy metabo-
lism of dairy cows, maintain a healthy state of the gut and
might also improve the feed efficiency [15, 41, 51, 52].
Aloe supplementation also increased the abundance
of Prevotella spp. and Alistipes spp. Previous researches
revealed that various Prevotella spp. can selectively uti-
lize carbohydrates and proteins from the diet, lead-
ing to the production of succinate and acetate [53].
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Additionally, one of their significant roles is in the pro-
tein and peptide breakdown [54]. This genus also plays a
crucial role in normal intestinal metabolism and contrib-
utes to maintaining intestinal health [55].

Alistipes spp. are classified as a member of the phylum
Bacteroidetes, belonging to the Rikenellaceae family, pri-
marily found in the healthy human gastrointestinal tract
microbiota [56]. Regarding human pathogenicity, there
is conflicting evidence suggesting that Alistipes spp. may
have protective effects against specific dysbiosis and dis-
eases, such as liver fibrosis, colitis, cancer immunother-
apy, and cardiovascular disease. On the contrary, other
studies indicate that Alistipes is pathogenic in colorectal
cancer and is associated with mental signs of depression
[56]. Meanwhile, changes in diet have been shown to
affect the abundance of Alistipes, which is a bile-tolerant
bacterium [57]. In cow, Alistipes spp. constitute a group
strongly linked to the rectum microbiota [58], represent-
ing 8.7% of the large intestine microbiota in dairy cows.
Their bile tolerance seems to play an important role in
the rectum niche [59], promoting health-related pheno-
types [60].

Conversely, the Sealant group, under identical experi-
mental conditions except for Aloe supplementation,
exhibited a rectum microbiome with a relatively low
increase in Ruminococcaceae UCG-010 group and a sig-
nificant reduction in Alloprevotella and Prevotellaceae
UCG-001 group abundance compared to Control group.
These genera are commonly reported to be among the
most abundant in the rectum microbiota of Holstein
cows [61, 62].

Effect of Aloe on the milk microbiome

Aloe spp. is well-known for its antimicrobial proper-
ties [63, 64]. It has been previously employed as an
intra-mammary remedy for treating mastitis in organic
systems [65]. Additionally, it has been utilized in com-
bination with Weissella cibaria, a probiotic bacterium,
to develop a teat bio-sealant as a novel approach to pre-
vent infections [66]. In our study, Aloe arborescens was
used as dietary supplement for dairy cows at dry-oft: in
previous studies, it had been already used in the transi-
tion period where positive effects on inflammometabolic
response, milk composition and mammary health were
observed [67, 68]. Aloe feed supplementation prior to
dry-off appeared to influence the milk microbial compo-
sition at the onset of the following lactation in the Aloe
group compared to the Control and Sealant groups. Spe-
cifically, there was a decrease in Escherichia-Shigella,
Akkermansia and Pelomonas genera, while an increase
was observed in Staphylococcus spp., Atopostipes and
Bacteroides genera. As reported by Zhu et al. [69], Staph-
ylococcus, especially S. aureus and coagulase-negative
Staphylococcus, was among the most prevalent genera in
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studies on both human and cow milk microbiota [70-72].
Some non-aureus species, such as S. chromogens, S. simu-
lans, S. xylosus, are often detected in bovine milk and are
associated with preventing mastitis pathogen infections
by producing bacteriocin [73]. Furthermore, as faculta-
tive anaerobes, Staphylococcus can participate in lactate
metabolism, colonize the gastrointestinal tract, and con-
tribute to the colonization of strict anaerobes by con-
suming O, [73, 74]. Additionally, the high abundance of
Bacteroides in milk samples from lactating cows suggests
its role for the development of calves’ immunity [75].

Differing from previous studies [76, 77], the Sealant
group revealed higher diversity compared to the Con-
trol group across all alpha-diversity indices. However, it
is worth noting that the main families within the Sealant
group that experienced an increase were Escherichia-
Shigella, Pelomonas and Corynebacterium 1 genera,
which are commonly reported as microorganisms asso-
ciated with mastitis. As expected, in the Control group,
where a combination of antibiotics and teat sealant was
applied, there was a decrease in the diversity of the milk
microbiota.

The data of the present work have also demonstrated
that the fatty acid profile of milk is not influenced by the
Aloe arborescens supplementation in the diet. To the best
of our knowledge, this is the first time this assessment
has been made in bovine milk.

As can be seen from Table 1, the presence of Aloe arbo-
rescens in the diet did not have any effect on rumen lipid
metabolism, in fact all branched fatty acids (BCFA) did
not show significant differences. These fatty acids are
synthesized by ruminal bacteria, and it has been dem-
onstrated in several works that their profile in milk rep-
resents a valid indicator of ruminal metabolic activity
[78-80]. The lack of significant differences in BCFA is an
indication that Aloe arborescens does not modify the lipid
metabolism of ruminal bacteria.

The same consideration must be made for the fatty
acids involved in the ruminal biohydrogenation process.
Table 1 shows that C18:1t9, C18:1t11, C18:2t showed
no significant differences after supplementation with
Aloe arborescens. These fatty acids are the intermedi-
ate products of the biohydrogenation of linoleic and
a-linolenic acids by ruminal bacteria [80]. Vaccenic acid
(C18:1t11), in particular, is the precursor of the mam-
mary synthesis of rumenic acid (C18:2¢9t11), the main
conjugated isomer of Linoleic Acid (CLA) [81]. Although
C18:1t11 showed no significant differences, we observed
a reduction in C18:2c9t11 content. The reason may
be due to a reduction in the activity of Stearoyl CoA
Desaturase (SCD), the enzyme responsible for the inser-
tion of a double bond in position A9 [82]. This hypoth-
esis is confirmed by the significant reduction of C10:1
and of C14:1c9 which however did not show significant
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difference. These fatty acids are also the products of SCD
activity [81] and this indicates an effect of Aloe treatment
on breast metabolism.

Conclusions

This study provides insights into the bacterial community
composition of rumen, rectum and milk of dairy cows in
relation to SDCT when replacing the prophylactic use of
antibiotics with internal teat sealants and oral adminis-
tration with lyophilized Aloe arborescens. The potential
biological benefits of oral administration with Aloe have
been presented and discussed. In general, we observed
that both treatments do not significantly alter the rumen,
rectum and milk microbiomes of healthy cows, making
them good candidates for SDCT. As expected, the few
effects observed were mainly positive, in the rectum -as
well as in the milk- microbiome, involving microorgan-
isms that usually contribute to the enhancement of ani-
mal energy metabolism or have a protective effect against
enteric dysbiosis and diseases. Since samples were ana-
lyzed only seven days’ post-treatment, further studies will
be needed to better understand if Aloe arborescens sup-
plementation has effect on rumen fermentation and feed
digestibility over a longer time period.
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