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Suitable bedding provides cows with a clean and comfortable lying environment.
However, with extended usage of bedding, microorganisms can be transferred to
the mammary gland through the teat skin, adversely affecting the mammary glands
of dairy cattle and altering the microbiota present in the milk. This study analyzed
microorganisms in bedding composed of fermented cow manure, together with
those in teat skin swabs and milk, and found that the bacterial richness and diversity
of the bedding were maximal on the 14th day of use. The dominant bacterial phyla
were Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes, while the
dominant genera were Corynebacterium_1, Bacillaceae_norank, Salinicoccus,
and Dietzia. Analysis of the flora in the bedding over time showed that there was
a gradual change toward moderately salinophilic genera. The composition of the
teat-skin flora was highest on Day 21, with Firmicutes and Actinobacteria as the
dominant phyla and Corynebacterium_1, Salinicoccus, Dietzia, Romboutsia,
Nesterenkonia, and Turicibacter as the dominant genera. Correlation analysis of
the teat-skin flora and somatic cell counts in the milk showed a positive association
between the teat-skin flora composition and duration of bedding use, while
changes in the abundance of mastitis-causing bacteria were positively correlated
with somatic cell counts. Microbial abundance and diversity in the milk were
highest on days 30 and 21, respectively, of bedding use. At the phylum level,
Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria dominated, while
Staphylococcus, Pseudomonas, Lacto-bacillus, Enterococcus, Acinetobacter, and
Bacteroides represented the core genera; correlation analysis further verified that
mastitis-causing bacteria in milk were affected by the duration of bedding use and
teat microorganisms, and were positively correlated with somatic cell counts.
Thus, increased duration of bedding use resulted in changes in the microbial
community structures of the bedding itself, the teat skin, and microorganisms in
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the milk, together with an increased number of mastitis-causing bacteria,
considered to be related to the rise in the somatic cell count of the milk.
Therefore, it is recommended that fermented cow manure bedding should be
replaced in a cycle not exceeding 14 days.
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fermented manure bedding, teat skin, milk, 16S, somatic cell count

1 Introduction

The welfare of dairy cows is essential to ensure good milk
production and quality. Bedding is important for cows’” welfare, as
they generally spend approximately 50 to 60% of the day resting to
facilitate rumination and food digestion (Jensen et al., 2005), with
adequate rest contributing to an estimated 24-28% increase in
mammary-gland circulation, thus enhancing the feed conversion
rate and increasing milk production (Metcalf et al., 1992; Cook and
Nordlund, 2009). Beds are usually used for resting, and a dry, soft
bed of appropriate size is important. However, poor bed design and
bedding may lead to reduced milk production, as well as decreased
reproduction (Rushen et al., 2007; Norring et al., 2008). Hard beds
may also cause leg injuries and limping in cows (Tucker and Weary,
2004; Fregonesi et al., 2007; Li et al., 2021). Haley et al. (2001)
compared the influence of concrete and cushioning on cow
behavior, finding that 51% of cows preferred resting on soft
bedding, while Norring et al. (2010) reported that cows rested for
longer on rubber bedding than on concrete or sand bedding, and
beds constructed of straw and rubber were preferred to those made
of feces/straw and sand. Comfortable bedding constructed of cow
manure may increase the times spent resting, as well as provide a
means for using manure.

The skin of vertebrates constitutes the primary physical barrier
between the animal and its external environment (Calamari et al.,
2009; Cole and Hogan, 2016). The surface skin of the cow’s teats
usually contains a large number of bacteria (Verdier-Metz et al,
2009; Braem et al., 2012; Monsallier et al.,, 2012), and when the cow
is lying down, the teat will come into close contact with the bedding,
resulting in the transfer of bacteria from the bedding to the skin and
ultimately to the milk. Additionally, bacteria may be transferred
from the milking equipment, the farm environment, soil, and
forage, as well as being influenced by the stage of lactation
(Vacheyrou et al., 2011; Esteban-Blanco et al., 2020). The quality
and quantity of these teat-associated microbes varies in different
farm environments (LeJeune and Rajala-Schultz, 2009) as well as
with different types of bedding. Sorter et al. (2014) investigated 38
dairy farms and found that the number of bacteria in bedding made
of feces was lower than that in other bedding types, while
Zdanowicz et al. (2004) reported that the number of E. coli in
sawdust bedding was twice that in sand and Rowbotham and Ruegg
(2015) compared the effects of deep freshly laid sand bedding,
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treated and reused sand bedding, and cow manure bedding on the
incidence of mastitis in primiparous Holstein cows, finding that the
incidence of clinical mastitis in cows housed with freshly laid sand
bedding was higher than that with the other two types of bedding
(Rowbotham and Ruegg, 2016). Changing bedding made from
manure on a daily basis reduces the total number of bacteria.
Fermented cow manure, in particular, when used as bedding, is not
favorable for the growth of microorganisms such as E. coli, and the
growth of Streptococcus and Klebsiella is lower than in bedding
made from fresh feces (Cole and Hogan, 2016). Therefore,
variations in the types and functions of microbes in different
bedding and teat skin may influence bacterial colonization of the
mammary gland, potentially affecting the health of the organ.
Microorganisms can enter the milk from a variety of sources, and
once in the milk, they can have specific effects, such as promoting
the fermentation of dairy products or causing milk spoilage (Montel
et al,, 2014). A study by Verdier-Metz et al. (2012) analyzed the
microbial composition of milk and showed that the dominant
bacteria included Firmicutes (76%), Actinobacteria (4.9%),
Proteobacteria (17.8%), and Bacteroides (1.3%). The microbial
composition of raw milk and cheese has been shown to differ,
with previously unrecognized and diverse bacterial populations
present in unpasteurized milk, mainly consisting of Lactococcus,
Pseudomonas, and Leuconostoc. A number of anaerobic bacterial
taxa were also detected, including Bacteroides, Fecalibacterium,
Prevotella, and Streptococcus, all of which are commonly
associated with the gut microbiota and may thus have entered the
milk through fecal contamination. The management of pasture and
the structure and composition of its specific microbiota have
marked influences on the particular flavors of cheese (Hantsis-
Zacharov and Halpern, 2007). Molecular biology and genomics can
assist in analyzing the changes in the structure and composition of
microbiota (Meng et al.,, 2019). Albino et al. (2017) analyzed the
relationships between the somatic cell counts (SCCs) of milk, cow
teat skin, bedding samples, and the number of bacteria in the milk
and found that Streptococcus on teat skin were also present in both
the milk and bedding.

The 16S rDNA gene encodes the small subunit rRNA of
prokaryotic ribosomes, and it is the most commonly used
indicator of bacterial phylogeny and taxonomic identification
(Callahan et al., 2016). Sequencing of the 16S rDNA gene usually
selects a specific variable region or several variable regions, and the
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structure and diversity of the microbiota in the samples can be
analyzed using universal primers, providing information on the
species composition and their relative abundance in the microbiota.
At the same time, this technique can provide a comprehensive
analysis of the microorganisms present in cow bedding, and the
structure, composition, and diversity of those in the milk (Niu et al.,
2022). The feeding environment of cows is the primary influence on
the microbial composition of the milk. Fermentation of manure for
use as bedding involves separation of the wet and dry manure,
followed by fermentation before use; this not only solve the problem
of manure removal and recycling on cattle farms but also addresses
the issue of a source material for bedding, reducing the difficulty of
manure treatment, and saving on costs (Callahan et al., 2016). The
skin of the cow’s teat is critical for determining the microbial
contents of the milk, while the microorganisms in the feces and
bedding also have significant effects. This study, therefore, collected
samples of manure used for cow bedding for different lengths of
time, at the same time as collecting swabs of the teat skin and milk
samples. The V3-V4 variable sequences of the 16s rDNA genes of
microorganisms in these samples were sequenced on an Illumina
MiSeq platform, to investigate the structure, composition, and
diversity of the microbiota in the bedding, teats, and milk at
different time points of bedding usage. The findings will provide a
reference for cattle farms to determine the appropriate replacement
cycle of the bedding and offer suggestions for pasture management.

2 Materials and methods
2.1 Sample collection

The study analyzed the bedding in barns housing adult cows in
Hutubi, Xinjiang. The farm is located at E86.892848, N44.191178,
located in a region of temperate continental arid and semi-arid
climate with an average annual precipitation of 167 mm. The
experiment was conducted in July, during which the monthly
averages were: maximum temperature 32°C, minimum
temperature 20°C, and relative humidity 20%. The farm cowshed
was a loose pen-type cowshed, that used an automatic scraping
board to clear the manure and used fermented cow manure as
bedding. This farm maintained a herd of 1,500 Chinese Holstein.
The standardized milking procedure, conducted three times daily,
The milking procedure involves ensuring cow hygiene, pre-dipping
with disinfectant, stripping three streams of milk per teat, wiping
teats with disposable paper towels, attaching milking cups within 60
seconds, applying a post-milking iodine-based disinfectant to all
teats. When newly laid, the bedding was dry, without odor and
mildew. The thickness of the fermented cow manure bedding was
20-25 cm, and bedding was leveled and feces on the bedding were
removed every morning.

The bedding samples were collected from the same barn on the
Ist, 7th, 14th, 21st, and 30th days after the laying of the fermented
cow manure bedding. Five bedding samples were randomly selected
at each time point, with the cow occupying the entire bedding area.
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The “checkerboard” samples method, described in the “Technical
Specification for Soil Environmental Monitoring in China” was
used to collect the bedding samples (Food and Agriculture
Organization of the United Nations, 2004, https://www.fao.org/
faolex/results/details/en/c/LEX-FAOC193186/, Accessed June 1st
2019). Samples from every 5=five beds were mixed to form one
replicate, 25 g of material was collected from each replicate, with 5
replicates, totaling 25 bedding samples; the samples were grouped as
Al, A2, A3, A4, and A5. The samples were sealed in sterile sampling
bags and were stored at -40°C for subsequent DNA extraction.

Random allocation eight single-parity cows in mid-lactation
(90-144 days) with similar milk yields and SCC < 200-000 cells/
mL, no diagnosis of disease and treatment records, and with
consistent levels of cleanliness of the limbs, feet, and udders were
selected from the same barn. Swabs were taken from the teats of 8
selected cows on the 1st, 7th, 14th, 21st, and 30th days after the
laying of the fermented cow manure bedding, and before milking
and disinfection. Four skin swabs were collected from each cow
using saline-soaked sterile cotton swabs, and the tips of the swabs
from four milking areas of the same cow were placed in the same
freezer tube and stored at -40°C.

After the collection of the skin samples, the teat was washed and
dried with paper towel. The first 3 milk from each cow were discarded,
after which 40 mL of milk was collected with sterile gloves into two
sterile sample bottles. The milk samples were transported to the
laboratory on dry ice; in the laboratory, the samples were thawed
and centrifuged at 12000 rpm for 20 min to remove the upper layer of
milk fat and supernatant. The precipitate was retained for DNA
extraction. Meanwhile, 40 mL of fresh milk was collected on-site into
sampling bottles containing bromonitol tablets for Dairy Herd
Improvement (DHI) determination. Milk composition and somatic
cell counts were simultaneously analyzed using a MilkScan' " FT+200
analyzer and Fossmatic'  FC5000 instrument, respectively (Foss,
Denmark). DHI is a measurement and evaluation system that
measures indicators such as milk production, milk fat percentage,
milk protein percentage, lactose, and somatic cell count of lactating
cows, combined with reproductive information such as parity and
calving date of the herd. After analysis, it forms a report reflecting the
information of the dairy farm’s diet nutrition, feeding management,
reproductive management, sperm selection, disease prevention and
control, and production performance. No ethical approval was
required for this study. Through tripartite sampling (bedding-teat-
milk) conducted at predetermined intervals, we systematically analyzed
temporal microbial dynamics in fermented cattle bedding across
distinct usage phases, while simultaneously characterizing associated
microbial community structures.

2.2 DNA extraction

DNA extraction was performed using a Fast DNA Spin Kit for
Soil (MP Biomedicals, Santa Ana, CA, USA), and the quality of the
extracted DNA was checked by 2% agarose gel electrophoresis at 80
V for 30 min.
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The workflow of the study.

2.3 High-throughput sequencing

The V3-V4 universal primers 338F (5-ACTCCTACGG
GAGGCAGCAG-3’) and 806R (5-GACTACHVGGGTW
TCTAAT-3") were used for PCR, and a barcoded tag of 8
nucleotide bases was added before the upstream sequence of the
universal primers to form barcoded fusion primers. The PCR
(Mastercycler, eppendof) reaction volume was 20 UL, containing
4 uL of 5xFastPfu Buffer, 2 uL of dNTPs (2.5 mM), 0.8 uL of 338F (5
uM), 0.8 pL of 806R (5 uM), 0.4 pLFastPfu polymerase, 0.2 puL of
BSA, 10 ng of DNA, and made up to 20 pL with RNase-free dH,O
up to 20 pL. The reaction conditions were 95 °C for 180 s, followed
by 30 cycles of 95 °C for 30 's, 55 °C for 30 s, 45 °C for 30 s, and 72 °C
for 600 s. The PCR products from the same samples were mixed
together, and cut using AxyPrep DNA gel recovery kit (iGEM,
Paris, France) to recover the PCR products which were then
analyzed on 2% agarose gels. The results of the identification of
the PCR products are shown in Supplementary Figure S1.

The library was constructed using TruSeqTM DNA Sample
Prep Kit (Illumina, San Diego, CA, USA), quantified using the
QuantiFluor' " -ST blue fluorescence quantification system
(Promega, Madison, WI, USA) and PCR, and sequenced using
MiSeq PE300 sequencing platform (Illumina).

2.4 Bioinformatics and statistical analysis

The original sequences were rejoined and screened for quality
using QIIME software (Version 1.19). The primers were removed,
and sequences with quality scores <20 or lengths <50 bp were
removed. Sequences were clustered, checked for chimeras, and
quality filtered with Q30>90 using the USearch program to identify
operational taxonomic units (OTUs) at the 97% similarity level.
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Species annotation of representative OTU sequences with 97%
similarity levels was performed using the RDP classifier Bayesian
algorithm, and the community composition of each sample was
assessed at each taxonomic level (kingdom, phylum, class, order,
family, genus).

The structure and o diversity of the microbial communities in
bedding samples collected at different time points were analyzed
using one-way ANOVA in SPSS 22.0 (IBM Corp., Armonk, NY,
USA), followed by the use of the least significant difference (LSD) to
test the significance, with o diversity evaluated using theChaol,
Shannon, Simpson, and ACE indices and R software used to plot the
dilution curves.

The analysis of the intergroup differences in B diversity was
performed by calculating Unifrac distances, followed by principal
Co-ordinate analysis (PCoA) using multivariate statistical methods
and permutational multivariate analysis of variance (PERMANOVA),
to determine differences in the microbiota of bedding, teat skin, and
milk at different time points.

Linear discriminant analysis effect size (LEfSe) was used to
analyze the abundance of significantly different microbiota (e.g.,
biomarkers) at different time points after the laying of fermented
cow manure bedding (e.g., between groups).

The workflow of the study is shown in Figure 1.

3 Results

3.1 Diversity and structure of microbiota at
different time points after the laying of
fermented cow manure bedding

The sequencing of fermented cow manure bedding samples
yielded a total of 2331 OTUs, 580 215-391 bases, and 1 311-650
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sequences. The sample dilution curves were flat, and the sequencing
depth was sufficient for diversity analysis (Figure 2A). The
distribution of OTUs among the five collection time points of the
fermented cow manure bedding (Figure 2B) showed that the
number of OTUs shared among the five time points was 688,
accounting for approximately 10% of the total number of OTUs.
The number of unique OTUs in the fermented cow manure bedding
was 59, 96, 144, 99, and 72 on the 1st (A1), 7th (A2), 14th (A3), 21st
(A4), and 30th (A5) days, respectively. As the duration of bedding
usage increased, the microbial components gradually increased,
with the highest on day 14, after which both the structure and
composition of the microbiota were observed to be reduced on the
21st and 30th days, but were nevertheless higher than those on the
Ist and 7th days. The Chaol and Shannon indices of the bedding
were significantly higher after bedding use than those on day 1
(P<0.05), while the Chaol index on day 14 was significantly higher
than that on days 7 and 30 (P<0.05) (Figures 2C, D). As the
duration of bedding usage increased, the abundance and diversity
of the microbiota were found to be maximal on day 14. The OTU
composition of different samples was analyzed to assess the
differences between the samples. For example, the more similar
the microbiota composition, the closer the distance reflected in
thePCoA plots. The PCoA showed that although there was
clustering of the microbiota from samples collected at different
time points of bedding usage, some of the samples overlapped with
each other, and the species composition and structure of the
microbiota in the bedding at different stages showed similarities

>
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(Figure 2E). According to the results of multivariate permutation
analysis of variance (Table 1), the microbiota structure on the 7th,
14th, 21st, and 30th day time points differed significantly from that
on day 1 (P<0.05), and the composition of microbiota on day 30 was
significantly different from that on the 7th and 14th days (P<0.05).

Based on the OTU annotation results, a total of seven dominant
phyla with relative abundance > 1% were detected (Figure 3A),
wherein Firmicutes showed the maximum relative abundance,
which decreased as the duration of bedding usage increased. The
abundance of Actinobacteria varied significantly, decreasing as the
length of bedding usage increased, but with the abundance on day 30
exceeding that on day 1. The abundance of Proteobacteria and
Bacteroidetes was markedly raised on days 21 and 30 relative to
day 1 (P<0.05), while the abundance of Chloroflexi was reduced on
the 7th and 14th days, and then continued to increase with an
abundance on day 30 being significantly higher than that of the other
groups (P<0.05). The abundance of Deinococcus-Thermus showed
an increase followed by a decrease on the 7th day, while on day 30, its
abundance was significantly higher than that of the other groups
(P<0.05); the abundance of Halanaerobiaeota was the highest on the
first day of use, and decreased continuously as the length of bedding
usage extended (Figure 3B). At the genus level (Figure 3C), 23 genera
were found with a relative abundance greater than 1%, of which the
dominant genera were Corynebacterium_1, Bacillaceae_norank,
Salinicoccus, and Dietzia. The abundance of Corynebacterium_1
was significantly higher than that of the other groups on day 1
(P<0.05), while the abundance of Salinicoccus increased with the
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Characteristics of changes in microbial diversity of bedding material at different usage periods. (A) Sample rarefaction curves; (B) Distribution of
microbial OTUs in fermented cow manure bedding at different time points; (C, D) Variations in microbial alpha diversity of fermented cow manure
bedding samples at different time points; (E) Principal coordinate analysis of fermented cow manure bedding microbiota at different time points.
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TABLE 1 Differences between groups of fermented cow manure bedding
microbiota at different time points.

Group Mean square F-value R2 P-value
Al1-A2 0.139 1.891 0.191 0.022
Al-A3 0.222 4.009 0.334 0.008
Al-A4 0.240 3.396 0.298 0.015
Al-A5 0.266 5.324 0.401 0.012
A2-A3 0.071 1.062 0.117 0.414
A2-A4 0.120 1.451 0.154 0.127
A2-A5 0.194 3.145 0.282 0.017
A3-A4 0.065 1.013 0.112 0.449
A3-A5 0.200 4.631 0.367 0.012
A4-A5 0.095 1.630 0.169 0.094

bedding usage time, and on day 21, was significantly higher than that
on day 7 (P<0.05). The abundance of Dietzia increased with the
bedding usage time, and on day 30, it was significantly higher than
that on day 7 (P<0.05), while the abundance of Staphylococcus was
highest on day 21 (A4) and significantly higher than that on day 1
(P<0.05) (Figure 3D). Differential genera in the fermented cow
manure bedding were analyzed using LEfSe (threshold set at 2),
with a total of 2 phyla, 4 classes, 7 orders, 11 families, and 12 genera.
At the genus level, the differential genera on day 1 (Al) of fermented
cow manure bedding were Corynebacterium_1 and Planifilum, on
day 7, the differential genera were Ruminococcaceae-UCG-005,
Novibacillus, and Saccharomonospora, on day 14, the differential
genus was Marinobacter, on day 21, the differential genera were
Aliidiomarina and Marinospirillum, and on day 30, the differential
genera compared to the other groups were Salinicoccus,
Brachybacterium, Oceanobacter, and Ulvibacter (Figure 3E).

3.2 Structural features of microbiota on
cow teat skin at different time points of
bedding usage

The sequencing results of teat skin swabs generated 3390 OTUs,
869 158-508 bases, and 1 986-008 sequences. Both the number of
sequences and the species distribution gradually leveled off over
time of bedding usage. The swab samples were found to have been
sequenced at sufficient depth and the species distribution was even
(Figures 4A, B). Analysis of the distribution of the swab OTUs
among the five time points of bedding usage indicated that the
number of shared OTUs was 947, accounting for approximately
28% of the total number of OTUs, while the numbers of unique
OTUs were 86, 47, 254, 246, and 139 on the 1st (B1), 7th (B2), 14th
(B3), 21st (B4), and 30th (B5) days, respectively. As the duration of
bedding usage extended, the structure and composition of the
microbiota on the cow teats were highest on days 14 and 21
(Figure 4C), with microbial abundance at its highest point on day
21, when it was significantly higher than on the days 1, 14, and 30
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(P<0.05) and microbial diversity highest on day 14 when it was
significantly higher than that on the other days (P<0.05)
(Figures 4D, E). The PCoA of microbiota on cow teat skin
samples at the different time points (Figure 4F) explained 18.1%
and 10.9% of the total variance, respectively. The PCoA results
showed that except for S1_7 in group Bl, which was clearly
separated from the other groups, the samples of the other groups
were clustered at different time points with no significant
separation. The results of multivariate permutation analysis of
variance (Table 2) showed that the structure and abundance of
microbiota on cow teat skin varied significantly among the different
time points, suggesting that the duration of bedding usage was
associated with significant changes in the structure and abundance
of the microbiota on the cow teats.

The annotation results showed a total of 3390 OTUs
representing 31 phyla, 64 classes, 175 orders, 331 families, and
840 genera. As shown in Figure 5A, the shared dominant phyla
(relative abundance > 1%) by microbiota on cow teat skin samples
at different time points included Firmicutes, Actinobacteria,
Proteobacteria, Bacteroidetes, and Chloroflexi. The relative
abundance of the five phyla differed at different time points in
bedding usage (Figure 5B), with the abundance of Firmicutes being
highest on days 1 and 14, and significantly higher than that on days
7 and 21 (P<0.05), while the abundance of Actinobacteria was
highest on days 7 and 21, when it was significantly higher than that
on day 14 (P<0.05). The abundance of Proteobacteria was highest
on day 30, significantly higher than that on day 1 (P<0.05), and the
abundance of Bacteroidetes was highest on days 21 and 30, although
the difference in abundance among groups was not significant
(P>0.05), the abundance of Chloroflexi was highest on day 21
when its abundance was significantly higher than that at other
time points (P<0.05). As indicated, the microbial abundance in cow
teat skin samples was affected by the length of bedding usage.
Thirty-two microbial genera were detected in skin swabs with
relative abundance > 1% at all time points of bedding usage
(Figure 5C), and, in order of abundance, the dominant genera
were Corynebacterium_1, Salinicoccus, Dietzia, Romboutsia,
Nesterenkonia, and Turicibacter. The changes in genus abundance
on cow teat skin at the different time points were compared with the
SCC (Figures 5D, E), showing that as the duration of bedding usage
increased, the abundance of Corynebacterium_1 and Paenibacillus
decreased as the SCC increased, while the abundance of Dietzia,
Staphylococcus, Escherichia-Shigella, and Streptococcus increased as
the SCC increased. The abundance of various genera decreased in
correspondence to increases in SCC, suggesting that microbiota on
the skin of cow teats could affect the health of the mammary glands.

3.3 Structural features of microbiota in
milk at different time points of bedding
usage

The sequencing results showed the presence of 8960 OTUs, 948

496-677 bases, and 2 129-466 sequences. The rank abundance
curves (Figure 6A) and the dilution curves (Figure 6B) of the
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FIGURE 3

Analysis of the characteristics of microbial community structure changes in bedding material across different usage periods. (A) The distribution of
fermented cow manure bedding microbiota at the phylum level at different time points; D1 represents day 1, D3 is day 7, D3 is day 14, D4 is day 21,

and D5 is day 30; “

_" indicates the sample number, with the same definitions applying below. (B) Variations in bacterial phyla in cow manure bedding

at different time points. Different lowercase letters indicate significant differences (P<0.05), while the same lowercase letter indicates a non-
significant difference (P>0.05). In the figure, a, b, ¢, d, e, f, and g represent Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes, Chloroflexi,
Deinococcus—Thermus, and Halanaerobiaeota, respectively. (C) Variations in bacterial genera in cow manure bedding at different time points.
(D) Changes in the abundance of genera in the microbiota of fermented cow manure bedding at different time points. (E) Map of the different

microorganisms in fermented cow manure bedding at different time points.

samples showed that the species composition was homogeneous,
and the sequencing volume covered most microorganisms. The
structure and composition of microbiota in the milk at different
time points had common components, and there were also
differences between different periods. The number of OTUs
among the five time points was 811 (Figure 6C), accounting for
9% of the total number of OTUs. The numbers of unique OTUs in
the milk were 755, 832, 870, 1,550, and 1,040 on the 1st (C1), 7th
(C2), 14th (C3), 21st (C4), and 30th (C5) days of bedding usage,
respectively. It can thus be seen that the composition of microbiota
in milk peaked on day 21.

The ACE (Figure 6D), representing species richness, and
Shannon (Figure 6L), representing species diversity, indices were
determined. As the length of bedding usage increased, it was
observed that microbial abundance in milk was highest on day
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30, which was significantly higher than that on days 1, 7, and 14
(P<0.05). The microbial diversity was also highest on day 21, but the
difference among the groups was not significant (P>0.05). All milk
samples (5 time points) were analyzed by PCoA (Figure 6F),
showing that the three principal components explained 23.05,
6.97, and 4.28% of the total variance, respectively. As indicated,
there was no significant separation in microbial community
structures and compositions among the different time points, and
there was no significant difference in clustering, suggesting that the
structure and composition of milk microbiota were similar among
the different time points.

The microbial community structures in the milk at different time
points of bedding usage varied, and the diversity and abundance of
species also changed accordingly. At the phylum level (Figure 6G),
the most common phyla were Firmicutes, Proteobacteria, and
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Characteristics of microbial diversity changes in teat skin swabs across different usage periods. (A) Sample Rank-Abundance curve. B1, dayl; B2, day
7; B3, day 14; B4, day 21; B5, day 30. (B) Sample rarefaction curves. (C) Distribution of microbial OTUs in dairy cow teat skin samples at different time
points. (D, E) Variations in the alpha diversity of cow teat skin microbiota at different time points. (F) PCoA of cow teat skin microbiota at different

time points.

Bacteroidetes at the different time points. Statistical analysis of the
relative abundance of the dominant phyla at different periods
(Table 3) indicated that Firmicutes accounted for more than 30%
of the phyla over the different time points, suggesting that Firmicutes
was the most dominant phylum in the microbiota of milk samples.
Proteobacteria was the second most dominant phylum in milk

TABLE 2 Differences between cow teat skin microbiota at different

time points.

Group Mean square  F-value R? P-value
B1-B2 0.379 3.284 0.190 0.001
B1-B3 0.238 2.166 0.134 0.001
B1-B4 0.209 1.734 0.110 0.002
BI-B5 0.197 1.819 0.115 0.001
B2-B3 0.221 1.961 0.123 0.003
B2-B4 0.345 2.810 0.167 0.001
B2-B5 0.349 3.151 0.184 0.001
B3-B4 0.250 2.126 0.132 0.001
B3-B5 0.179 1.695 0.108 0.001
B4-B5 0.169 1.455 0.094 0.019
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samples, with a larger proportion on day 1, while the abundance of
Bacteroidetes decreased after day 7 following an initial increase, and
Actinobacteria had a lower abundance than the other dominant
phyla, although was more abundant on day 21. These results
indicated that each sample had different distribution characteristics
at the phylum level, and the four dominant phyla accounted for more
than 80% of the total population. At different time points of bedding
usage, the abundance of the top 50 genera in milk varied between
different samples and time points (Figure 6H), with a greater
abundance of Staphylococcus, Pseudomonas, Lactobacillus,
Enterococcus, Acinetobacter, and Bacteroides. The abundance of
Corynebacterium_1, Prevotella_9, Rhodanobacter, Raoultella,
Lactococcus, Klebsiella, and Cloacibacterium, were also higher in
some samples. The correlation between the milk microbes and SCC
was investigated (Figure 61), and the results revealed that SCC was
negatively associated with the abundance of Lactococcus,
Prevotella_9, Corynebacterium_1, Corynebacterium, and
Lactobacillus, and positively related to the abundance of
Staphylococcus, Klebsiella, Bifidobacterium, Muribaculaceae_norank,
Dietzia, Romboutsia, Streptococcus, Clostridium_sensu_stricto_1,
Escherichia. Shigella, Bacteroides, Enterococcus, and Pseudomonas.
Differences in the microbial community compositions among
different groups of milk samples were analyzed by linear discriminant
analysis. At the genus level (Figure 7A), the differential microorganisms
in milk on day 1 were Gracilibacter and Limnobacter. Day 7 showed the
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Characteristics of microbial community structure changes in dairy cow teat skin across different usage periods. (A) Distribution of microbial phyla on

cow teat skin at different time points. S1, day 1; S2, day 7; S3, day 14; S4, day 21; S5, day 30;
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Microbial community names are shown on the ordinate. (B) Changes in abundance of dominant bacteria in cow teat skin at different time points.
(C) Distribution of cow teat skin microbiota at the genus level at different time points. (D) Correlation between teat microbiota and somatic cell
counts in milk. (E) Trends in variation of microbial genera in teat skin and somatic cell counts.

highest number of differential microorganisms compared to other
periods, with Lachnospiraceae_AC2044_group, Lachnoclostridium,
Prevotella_2, Eubacterium_ruminantium_group, Lachnospira,
Tyzzerella, Yaniella, Coprococcus_2, Agathobacter, Butyricicoccus,
Finegoldia, Sutterella, and Candidatus_Solibacter. On day 14, the
differential microorganisms were Allorhizobium_Neorhizobium_
Pararhizobium_Rhizobium, Pseudomonas, RBG_16_58_14, and
Dysgonomonas, while on day 21, the differential microorganisms
were Bhargavaea, Kytococcus, Adhaeribacter, Phormidium_
MBIC10003, and Pseudogracilibacillus, and on day 30,
Thermoactinomyces and Ruminobacter were found. Overall, the
differential microorganisms in milk varied according to the duration
of bedding usage. We will advance to functional validation in the
subsequent phase.

3.4 Functional analysis of milk microbiota
at different time points

To evaluate the metabolic pathways associated with the milk
microbiota at different time points of bedding usage, PICRUSt was
used for functional prediction and KEGG annotation. This showed
41 metabolic pathways in the second level. A comparison of the
metabolic pathways associated with microbiota in the bedding and
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teat skin samples identified five pathways in the three levels
(Figure 7B), specifically associated with membrane transport,
carbohydrate metabolism, amino acid metabolism, replication and
repair, and energy metabolism. In the milk samples, these metabolic
pathways were found to be more enriched on day 14, while the main
functional genes of the third level were mainly enriched in the
samples on days 1, 7, and 14 (Figure 7C). The pathways most
enriched on days 1 and 7 were mostly related to protein secretion
and DNA-associated proteins, and greater diversification in the
enriched pathways was apparent as the bedding usage increased.
The analysis indicated that the relative abundance of all metabolic
pathways altered with the prolongation of bedding usage time.

4 Discussion

4.1 Microbial diversity at different time
points of fermented cow manure bedding
usage

The provision of clean, comfortable bedding is essential for the
growth and welfare of dairy cattle. The use of manure for bedding
can not only solve the problem of manure pollution on farms but
also has advantages of resource utilization of manure and cost
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savings. After treatment, cow manure bedding is soft and

TABLE 3 The composition of milk microbial communities at the phylum
level at different time points (%).

Phylum c1 c2 C3 ca c5 of pipeline clogging (Wu et al., 2021). Cow manure is also loose,
o does not clump easily, and is less costly and environmentally
Firmicutes 368 792 12 4896 R friendly compared to rubber bedding. Differences in the processes
Proteobacteria | 34.35 12.34 31.23 17.23 24.54 used for treating cow manure affect the community structures of its
Bacteroidetes 4.8 23.03 13.50 1143 10.84 microbiota, and the number of bacteria in fermented cow manure is
‘ ‘ closely related to the degree of fermentation, fermentation time, and
Actinobacteria | 1026 880 63 1266 860 moisture content. The abundance and diversity of the microbiota in

comfortable, making it more convenient for subsequent manure
treatment with sand bedding, resulting in less wear and reduced risk
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Changes in the functional profile of milk microbial communities across different usage periods. (A) Map showing the microorganisms present in milk
at different time points. (B) The third-level KEGG analysis of milk samples at different time points. (C) KEGG pathway analysis of functional genes.

the fermented cow manure bedding were observed to increase as the
duration of bedding usage increased, reaching its maximum
abundance and diversity on the 14th day, with the community
structures varying with the extent of bedding usage. The results of
LEfSe analysis showed that the number of differential
microorganisms in the bedding on day 30 was higher than that at
the other time points, and that the majority were moderate
Halocella. The microbiota composition was closely related to the
saline alkaline environment of the region, and similar environmental
conditions can lead to the development of microbiota with
similar functions.

Firmicutes, Halanaerobiaeota, and Actinobacteria were found
to be the dominant phyla, with their relative abundance varying
according to the different bedding usage time points. The
abundance of Firmicutes has been reported to be higher in the
later stages of compost fermentation due to the thermotolerant and
facultative anaerobic characteristics of the phylum (Tian et al., 2013;
Zhang et al., 2014). The abundance of Firmicutes decreased as the
bedding usage time increased, presumably because the fermented
cow manure was in a loose state during usage, which is unfavorable
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to the growth of facultative anaerobic bacteria. These dominant
phyla have different patterns of change in cow intestines during
different growth periods, and remain relatively stable in the
intestines in different growth periods (Dill-McFarland et al.,
2017). The microbial composition of the fermented cow manure
bedding resembled those of the gut microbiota and microbiota in
fermented compost, varying in relative abundance according to the
length of bedding usage. The abundance of Salinicoccus, Dietzia,
and Staphylococcus tended to increase with prolongation of the
bedding use duration. The comparison of differential
microorganisms between different time points of bedding usage
revealed that Corynebacterium_1, Ruminococcaceae_UCG_005,
Novibacillus, and Planifilum were detected in the bedding,
consistent with the findings of previous studies on the microbiota
of the intestinal tract and during compost fermentation (Han et al.,
2013; Yang et al,, 2015; Song et al., 2017). All differential
microorganisms were found to vary in abundance at the different
bedding usage time points and tended to develop towards moderate
Halocella. On the one hand, it may be due to the favorable
conditions for microbial growth provided by the initially “clean”
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bedding, together with an accumulation of feces and urine during
use, resulting in a differential microbial composition of intestinal,
feces, and compost fermentation microorganisms at the beginning.
On the other hand, the cattle farms in Xinjiang are located mostly in
the Gobi area, characterized by a combination of salinity and
desertification, intense salt accumulation, strong surface
aggregation, and complex compositions of saline soils; thus, the
microorganisms associated with the soil and water sources are
mainly Halocella. With prolongation of bedding usage by the
cow, the moderate Halocella gradually increased after prolonged
exposure of the bedding to the environment.

4.2 Microbial diversity on cow teat skin in
relation to different time points of bedding
usage

From an ecological perspective, although each part of the cow’s
body is characterized by a unique and specialized microbiome,
the overall body can be considered a complex ecosystem
(metacommunity), consisting of a variety of interrelated ecological
microenvironments (Costello et al., 2009, Costello et al., 2012). In this
study, the microbiota on teat skin had the highest number of OTUs
on days 14 and 21, and their ACE and Simpson indices, representing
abundance and diversity, respectively, increased with the prolongation
of the bedding usage. The colonization and composition of microbiota
on cow teat skin is not an independent process, as contact with the
bedding and other parts of the cow’s environment alters the
microbial compositions.

High-throughput sequencing and bioinformatics methods were
used to analyze the influence of the different bedding usage time
points on the structure of microbiota on cow teat skin, with the
results showing that the dominant phyla of all samples at all five time
points were Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes,
and Chloroflexi. The abundance of Firmicutes and Actinobacteria
accounted for more than 85% of the total abundance, which was
consistent with the microbiota composition of Holstein cow teat skin
reported by Braem et al. (2012). Firmicutes dominated all cow teat
skin samples. Comparison with the dominant phyla of the fermented
cow manure bedding showed that the dominant phyla of the teat skin
samples were consistent with those in the bedding, and that the
abundance of Proteobacteria, Bacteroidetes, and Chloroflexi reached
a maximum on days 30 and 21, respectively, further demonstrating
that microbial accumulation on cow teat skin was not an independent
process, and that its abundance varied with the duration of bedding
usage. Analysis of the teat skin microbiota at the genus level showed a
predominance of Corynebacterium_1, Salinicoccus, Dietzia,
Romboutsia, Nesterenkonia, and Turicibacter. These genera are
found in a wide range of natural environments such as soils,
deserts, and saline-alkaline zones, and even in the intestinal tracts
of animals and composts of different materials. Based on the changes
in microbiota composition at the phylum level, it was determined that
the microbiota on the teat skin underwent significant community
successional changes with extended bedding usage.
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4.3 Effects of cow teat skin microbiota on
SCC in milk

Based on the results of the high-throughput sequencing, the
common bacteria present on the teat skin were compared with the
milk SCC, showing that six genera showed marked abundance on
day 21, among which Corynebacterium_1 was negatively correlated
with the SCC. The effect of this bacterium on the milk microbiota
requires further investigation. The abundance of Paenibacillus was
negatively correlated with SCC, which is consistent with the
findings of previous studies (Quigley et al., 2013; Oikonomou
et al,, 2014) and may contribute to the overall health of the cow.
However, which Bacillus species are beneficial and their roles
require further investigation. The abundance of Dietzia,
Staphylococcus, Escherichia-Shigella, and Streptococcus increased
with the duration of bedding usage and was positively correlated
with SCC. These correlation results are consistent with the findings
of Deralkhshani et al. (2018). Dietzia can cause local and systemic
infections in humans and animals (Koerner et al., 2009). We found
that Dietzia on teat skin and SCC in the milk increased as the
bedding usage increased. Competition exists between genera, and
an increase or decrease in one microorganism can induce a change
in the abundance of another microorganism. The development of
mastitis is related to disordered microbiota, and the presence of a
large number of symbiotic microbiota could modulate and reduce
the susceptibility to mastitis. Thus, the effects of environmental
factors on the health of cow mammary glands should be recognized.

4 .4 Effects of fermented cow manure
bedding usage on the diversity of
microbiota in milk

Changes in the abundance and diversity of the milk microbiota
occurred primarily on days 21 and 30, with the abundance reaching
its highest level on day 21, although not changing significantly,
consistent with the results of Cremonesi et al. (2018) who observed
that the structure of microbiota in milk in the same species and under
the same conditions was similar. We focused on a comprehensive
investigation of the diversity, structure, and composition of the
microbiota in milk throughout the entire usage cycle of fermented
cow manure bedding. The dominant phyla in the milk were found to
be Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria, with
the predominance of these phyla changing in correspondence with
the length of bedding usage, consistent with the results of Pang et al.
(2018) who evaluated milk microbiota using high-throughput
sequencing. Greater abundance of Bacteroidetes was associated with
lower humidity, while the abundance of Proteus was related to higher
humidity. Therefore, variation in the abundance of the dominant
milk phyla, as shown in the present study, was also influenced by
environmental factors other than the duration of bedding usage.

At the genus level, the milk samples in the present study
appeared to contain many of the same core genera as those
reported in previous studies (Delbes et al.,, 2007; Rasolofo et al.,
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2010; Vacheyrou et al.,, 2011), including Staphylococcus,
Pseudomonas, Lactobacillus, Enterococcus, Acinetobacter, and
Bacteroides, all of which are frequently detected in healthy milk.
Staphylococcus is a pathogen associated with mastitis, suggesting
that cow teat skin is a source of microbes found in the milk.

The results of the high-throughput sequencing of milk samples
from different time points, together with a comparison of the most
common genera from cow teat skin and milk with SCC, indicated
positive correlations between several genera and SCC. These were
Streptococcus, Escherichia. Shigella, Klebsiella, Bacteroides,
Enterococcus, Pseudomonas, and Dietzia. Of these, Escherichia-
Shigella and Klebsiella are considered pathogens that cause cow
mastitis, a disease resulting from pathogens in the digestive tract of
the cow or its surrounding environment. Notably, Dietzia was found
in the bedding, teat skin, and milk samples, and represented the genus
with the highest abundance in both bedding and teat skin. Therefore,
it can be assumed that mastitis-related bacterial pathogens colonize
the mammary gland from the external environment, leading to
increased SCC in the milk. Unlike mastitis-related bacterial
pathogens, several microorganisms were negatively associated with
SCC, and their presence laid the foundation for the microbiota
balance in the milk; these included Lactococcus, Prevotella_9,
Corynebacterium, and Lactobacillus. Corynebacterium was identified
by Oultram et al. (2017) as a cow mastitis-associated pathogen, and
an increase in other microorganisms may lead to a decline in its
levels, creating a mutual inhibitory effect in the milk microbiota.
Furthermore, the presence of a large number of symbiotic microbiota
in milk could inhibit the growth of pathogenic bacteria, maintaining
the milk microbiota in a relatively balanced state. Additionally,
several individual samples were found to contain bacteria
associated with cow intestines, compost fermentation, and the soil,
demonstrating that the milk microbiota were derived not only from
the teat skin of the cow but also from the intestine and environment.
Therefore, it can be deduced that they also affect the composition of
the microbiota in the mammary gland.

By comparing differential microorganisms in the milk at different
time points of bedding usage, it was found that these microorganisms
in milk were most abundant on day 7. The differential microorganisms
found on day 1 showed a predominance of heat-tolerant anaerobes and
aerobic heterotrophs compared with other time points, which may be
related to the composting characteristics of fermented cow manure. On
day 7, a predominance of rumen and gut microbiota was observed. On
the 14th day, the differential bacteria were soil rhizobacteria and cow
manure fermentation-associated bacteria. As the length of bedding
usage increased, the differential microorganisms in the milk were found
to be closer to the microorganisms observed in the soil on days 21 and
30. However, Kytococcus was found on day 21; these are a group of
pathogenic bacteria that can cause pneumonia, bacteremia, and
endocardial infection (Blennow et al., 2012). Additionally, the
differential microorganisms in milk at time points showed a shift to
microbiota such as initial-rumen or gut-soil.

PICRUSt was used primarily for analyzing high-throughput
sequencing results for the prediction of the hypothetical
metagenome and determining the potential functions of the
microbiota in milk. The functional analysis of the predicted
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metagenome in this study showed that the most abundant
functional categories included membrane transport pathways,
carbohydrate metabolism, amino acid metabolism, replication and
repair, and energy metabolism, consistent with the results of
Lamendella et al. (2011), who examined the general metabolic
functions (e.g., metabolism of amino acids, carbohydrates, and
proteins) necessary for the survival of microorganisms, as well as
with the results of Pannaraj et al. (2017) who evaluated the
metagenomes of human milk. Lactose, the major carbohydrate in
milk, is a potential carbon source for milk bacteria, and therefore
carbohydrate metabolism is predicted to occur. Chen et al. (2018)
also reported genes involved in replication and repair in milk in the
intestines of piglets before weaning.

As the length of cow bedding usage increased, the abundance and
diversity of the milk microbiota increased, reaching their highest
levels on days 30 and 21, respectively. The dominant phyla in the milk
microbiota were consistent with the bedding and teat skin results,
with Staphylococcus, Pseudomonas, Lactobacillus, Enterococcus,
Acinetobacter, and Bacteroides representing the core genera of the
microbiota in milk. As the bedding usage duration increased, the
content of mastitis-related bacterial pathogens and SCC in the milk
increased, which further supported the results of the correlation
between the teat microbiota and SCC. LEfSe analysis and the
prediction of microbial functions showed that differential
microorganisms in milk and their associated metabolic pathways
altered with the duration of bedding usage. In this study, greater
enrichment was found on day 14, and the metabolic pathways in the
third level became more diversified as the duration of bedding usage
increased, which may have been due to a combination of extended
bedding usage, environmental factors, decreased host resistance, and
other factors. The microenvironment of the cow mammary gland
changed, resulting in a counter-environment for the growth of
microbiota in milk, promoting an increase in pathways associated
with substance transport and metabolism in the microorganisms,
resulting in a wider range of metabolic pathways. It can thus be
inferred that the duration of bedding usage affects the microbial
functions of the second and third levels, and these functional
differences provide further clues for the study of microbiota in milk
and mammary gland health.

5 Conclusions

As the length of usage of fermented cow manure bedding
increased, the abundance of mastitis-related bacterial pathogens
(e.g., Staphylococcus, Escherichia, Klebsiella, Streptococcus, and
Dietzia) in the milk and cow teat skin increased, together with
increased SCC in the milk. The structures and metabolic functions
of the microbiota associated with the bedding and milk changed as
the length of bedding usage increased. Based on the abundance and
diversity of microbiota in fermented cow manure bedding, teat skin,
and milk samples, combined with the comprehensive analysis of the
abundance of pathogenic bacteria, it is recommended that
fermented cow manure bedding should be replaced in cycles of
no more than 14 days.
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