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ABSTRACT The milk microbiota and mediated metabolites directly affect the health of
the udder in dairy cows. Inulin, a dietary prebiotic, can modulate the profile of gastroin-
testinal microbiota. However, whether the inulin intake affects the milk microbial popula-
tion and metabolites remains unknown. In this study, 40 subclinical mastitis (SCM) cows
were randomly divided into 5 groups. Five inulin addition doses, 0, 100, 200, 300, and
400 g/day per cow, based on the same basal diet, were supplemented. The experiments
lasted for 8 weeks. The results showed lower relative abundance of mastitis-causing and
proinflammation microbes in milk (i.e., Escherichia-Shigella, Pseudomonas, Rhodococcus,
Burkholderia-Caballeronia-Paraburkholderia, etc.) and higher abundances of probiotics and
commensal bacteria, such as Lactobacillus, Bifidobacterium, etc., in the cows fed 300 g/
day inulin compared to that in the control group. Meanwhile, the levels of arachidonic
acid proinflammatory mediators (leukotriene E3, 20-carboxy-leukotriene B4, and 12-Oxo-
¢-LTB3) and phospholipid metabolites were reduced, and the levels of compounds with
antibacterial and anti-inflammatory potential (prostaglandin A1, 8-iso-15-keto-prostaglan-
din E, [PGE,], etc.) and participating energy metabolism (citric acid, L-carnitine, etc.) were
elevated. These data suggested that inulin intake might modulate the microflora and
metabolite level in extraintestinal tissue, such as mammary gland, which provided an al-
ternative for the regulation and mitigation of SCM.

IMPORTANCE The profile of the microbial community and metabolic activity in milk
are the main determinants of udder health status and milk quality. Recent studies
have demonstrated that diet could directly modulate the mammary gland micro-
biome. Inulin is a probiotic dietary fiber which can improve the microbiota popula-
tion in the gastrointestinal tract. However, whether inulin intake can further regulate
the profile of the microbiota and metabolic activities in milk remains unclear. In sub-
clinical mastitic cows, we found that inulin supplementation could reduce the
abundance of Escherichia-Shigella, Pseudomonas, Rhodococcus, and Burkholderia-
Caballeronia-Paraburkholderia and the levels of (+)12, 13-DiHOME, leukotriene E3
and 20-carboxy-leukotriene B4 etc., while it elevated the abundance of Lactobacillus,
Bifidobacterium, and Muribaculaceae, as well as the levels of prostaglandin A1l
(PGA1), 8-iso-15-keto-PGE2, benzoic acid, etc. in milk. These data suggest that inulin
intake affects the profile of microorganisms and metabolites in milk, which provides
an alternative for the regulation of mastitis.
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astitis is a major and serious disease with extremely high incidence in dairy pro-

duction. Due to a shortage of visible clinical symptoms, sufficient attention, and
prompt treatment, the incidence of subclinical mastitis (SCM) is much higher than that
of clinical mastitis (CM), which easily causes further aggravation of inflammation and
severe losses of milk yield and quality (1). In addition, an intense inflammatory reaction
during intramammary infections (IMI) consumes energy, which reduces lactation per-
formance and disease resistance (2, 3). However, it was gradually realized that the ex-
ogenous pathogenic bacterial infection in the mammary gland is not the only cause of
mastitis. Actually, the gastrointestinal microflora can exert a direct role in the regula-
tion of the occurrence and the relief of mastitis (4-6). In addition, a close microfloral
relationship between the intestinal tract and mammary gland was observed (7). Similar
shifts in mastitis-related microbiota between the two sites are characterized by a gen-
eral increase in the abundance of Enterococcus, Streptococcus, and Staphylococcus, as
well as a decrease of Lactobacillus (7). Our previous study showed that the abundance
of proinflammatory bacteria (Ruminiclostridium_9, Enterorhabdus, Neisseriaceae, etc.)
and metabolites (12-oxo-20-dihydroxy-leukotriene B4) in the rumen of mastitic cows
was increased compared with udder-healthy cows (8). These results may be explained
by a reported endogenous microbial pathway, which is the entero-mammary pathway
(9-11).

Diet is a crucial factor in determining the profile of the gastrointestinal flora (12).
However, recent studies have shown that diet can also directly modulate the mam-
mary gland microbiome populations and metabolites (13), as well as influence mam-
mary gland-related diseases, such as breast cancer (14). Shively et al. proved that the
Mediterranean diet can increase the abundance of Lactobacillus and the level of bile
acid metabolites and, meanwhile, reduce the abundance of Ruminococcaceae,
Oscillospira, Coprococcus, and proinflammatory oxidized lipid products (13-HODE and
3-hyrdoxystearate) in the breast tissues of female monkeys (Macaca fascicularis) (13).
Similarly, to probe whether the microbiome of the gut and mammary gland mediates
the dietary effects on breast cancer, Soto-Pantoja et al. performed fecal transplants
between mice on control and high-fat diets (HFD) and recorded mammary tumor out-
comes in a chemical carcinogenesis model. The results showed proliferation of breast
cancer cells and increased tumor-associated bacteria in the mammary gland after
transplantation of the HFD-derived microbiome. However, fish oil supplements modu-
lated the microbiota in tumors and normal breast tissue (14). These data suggest that
dietary intervention is able to shift the microbiota diversity in the mammary gland and
potentially influence the signaling pathways relevant to mammary gland-related dis-
eases. Furthermore, oral probiotics have shown promising therapeutic results in con-
trol mastitis, which has been proposed as an effective alternative to antibiotics (15, 16).
Certain ingested probiotics are still alive in the gastrointestinal tract and become mem-
bers of gut microbes, which enhance stimulation of immune cells in the intestine and
subsequently migrate to other organs, including the udder (15). This suggests that oral
probiotics can affect the mammary gland microbiota (16).

Inulin is a prebiotic dietary fiber mainly derived from Jerusalem artichoke tubers,
which can promote the proliferation of probiotics (Bifidobacterium and Lactobacillus)
and inhibit the growth of potential pathogens (Clostridium, Coprococcus, Dorea, and
Ruminococcus) in the gastrointestinal tract (17-19). In addition, inulin can promote the
expression of interleukin-22 (IL-22) and other antimicrobial genes during inflammation
and enhance immunity, owing to the proliferation effect of inulin on beneficial bacteria
(20). Our previous study showed that inulin supplementation could increase the abun-
dance of propionate and butyrate-producing bacteria (i.e., Prevotella and Butyrivibrio)
and Bifidobacterium and decrease the Clostridia_UCG-014, Streptococcus, and Escherichia-
Shigella in the rumen of SCM cows (21).

Milk microflora and metabolites are closely related to the incidence of mastitis (22).
Our previous results revealed the significant differences in the profiles of milk microbes
and metabolites between healthy, SCM, and CM cows (22). Based on that, we attempted
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TABLE 1 Effect of inulin supplementation on milk compositions and performance in dairy
cows with subclinical mastitis?

Data for groups (n = 8)°

Item Con I-1 -2 -3 -4 SEM P value
Milk yield (kg/day) 31.2C 31.7C 33.7B 342A 3368B 0.54 0.031
ECM (kg/day)* 30.1C 306 C 3238B 33.0A 3268B 0.52 0.043
FCM (kg/day)? 31.0 314 32.2 328 328 0.34 0.065
Milk fat (%) 3.95 3.93 3.71 3.73 3.84 0.044 0.073
Milk protein (%) 3.03C 3.05C 3.32A 3.38A 3.27B 0.064 0.034
F/P 1.30A 1.29A 1.12B 1.10B 1.17B 0.038 0.044
Milk lactose (%) 4.01C 4.02C 428 A 431A 422B 0.057 0.027
SCC(x10%/mL) 716 A 706 A 593 BC 541 C 647 B 21.0 <0.01

9ECM, energy-corrected milk; FCM, fat-corrected milk; F/P, fat to protein ratio; SCC, somatic cell counts; Con,
control group; I-1, inulin-1 group (the inulin addition level was 100 g/day per cow); I-2, inulin-2 group (the inulin
addition level was 200 g/day per cow); I-3, inulin-1 group (the inulin addition level was 300 g/day per cow);
I-4, inulin-1 group (the inulin addition level was 400 g/day per cow); SEM, standard error of mean.

bDifferent uppercase letters in a group represent significantly different values (P < 0.05).

‘ECM (kg/day) = milk yield (kg/day) x (383 x fat [%] + 242 x protein [%] + 783.2)/3,140 (69).

9FCM (kg/day) = 0.4 x milk yield (kg/day) + 15 x milk yield (kg/day) x fat (%) (70).

to investigate whether it is feasible to alleviate mastitis through modulation of the pro-
file of the milk microbiota. Until now, the effect of inulin intake on the milk microbiota
and metabolites has remained unclear. However, Ravinder et al. and Shively et al. dis-
played the similarities in the regulation of diet on microorganisms between the gastroin-
testinal tract and mammary gland (12, 13). Therefore, 16S rRNA sequencing technology
and liquid chromatography-mass spectrometry (LC-MS) metabolomics were utilized in
the current work to investigate whether the inulin supplementation could change the
microbial community and metabolic activities in milk. The results may provide new per-
spectives for the control of mastitis.

RESULTS

Milk compositions. The milk yield (P = 0.031), energy-corrected milk (ECM) (P = 0.043),
milk protein (P = 0.034), and lactose (P = 0.027) were increased in the I-3 group compared
with the control group (the values of milk protein and lactose between the I-2 and I-3
groups were not significantly different). The fat-corrected milk (FCM) (P = 0.065) presented
an increase trend with inulin supplementation. Because milk fat was shown trend down
(P = 0.073) with inulin addition, the fat to protein ratio (F/P) was reduced (P = 0.044), and
without significant differences among the I-2, I-3, and -4 groups. Compared with the control
group, the milk somatic cell count (SCC) was decreased in the I-3 group (P < 0.01) (Table 1).

Milk fatty acids. For saturated fatty acid (SFA), the proportion of C, (P = 0.032), C;,
(P = 0.044), C;5 (P = 0.041), C;5s (P = 0.022), anteiso C,s, (P = 0.041), anteiso C,,,
(P =0.021), and iso C,,, (P = 0.035) in milk was increased in the I-3 group compared
with the control group. Among them, there was no significant difference in the propor-
tion of C;;, C;5, and anteiso C,,, between the I-2 and I-3 groups and no significant dif-
ference in anteiso C;s, among the I-2, I-3, and I-4 groups. Additionally, the proportion
of C,, presented an increased trend with inulin addition (P = 0.057). Overall, inulin
addition did not significantly affect the proportion of SFA (P = 0.115). The proportion
of unsaturated fatty acids (UFA) presented a downward trend after inulin treatment
(P = 0.062). Compared with the control group, the proportion of cis-9c18:1 was
reduced in the I-3 group, and without significant differences among the I-2, I-3, and I-4
groups (P = 0.048). Moreover, the proportion of C,o, (P = 0.087), Cigonec (P = 0.093),
Cig3n3 (P =0.081), and polyunsaturated fatty acids (PUFA) (P = 0.074) and long-chain
fatty acids (LCFA) (P = 0.063) all showed a declining trend (Table 2).

Overall structure, richness, diversity, and composition of milk microbiota. A
total of 1,495,060 and 1,442,675 optimized 16S rRNA gene sequences were obtained
from 40 milk samples before and after inulin supplementation, respectively. According
to the minimum sequence number in the samples, the reads of milk microbiota before
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TABLE 2 Effect of inulin supplementation on milk fatty acids in dairy cows with subclinical mastitis?

Applied and Environmental Microbiology

Data for groups (n = 8)°

Item (g/100 g of total FA) FA name Con I-1 -2 -3 -4 SEM P value
SFA 69.3 68.7 69.4 68.6 68.2 0.26 0.115
C, Butyric acid 2.14C 217C 2.61B 272A 2.598B 0.035 0.032
Cs Caproic acid 1.78 1.84 1.60 1.68 1.62 0.025 0.631
G Caprylic acid 1.12 1.13 1.10 1.10 1.20 0.017 0.211
Cio Capric acid 2.54 2.7 249 2.31 240 0.047 0.144
Cy Undecanoic acid 0.11C 0.15B 0.18 A 0.19A 0.16 B 0.005 0.044
Cy, Lauric acid 3.17 3.12 3.09 3.12 3.07 0.045 0.256
Cis Tridecanoic acid 0.11C 0.10C 0.17B 022A 0.15B 0.004 0.041
Ci. Myristic acid 10.1 10.4 10.3 10.1 10.5 0.10 0.165
Cis Pentadecanoic acid 0.73C 0.79C 1.05A 1.08 A 0.96 B 0.017 0.022
Anteiso C,5, Transisomeric pentadecanoic acid 0.33B 0.35B 042A 0.46 A 043 A 0.011 0.041
iso Cy5,0 Isomeric pentadecanoic acid 0.13 0.14 0.14 0.15 0.15 0.005 0.753
Cis Palmitic acid 356 34.6 34.9 34.0 33.6 0.21 0.262
i50 Ci0 Isomeric hexadecanoic acid 0.18 0.19 0.16 0.17 0.16 0.005 0.130
(G Heptadecanoic acid 0.38 0.37 0.4 0.41 0.40 0.005 0.057
anteiso C,,., Transisomeric heptadecanoic acid 0.73C 0.79C 1.01TA 113 A 0.94 B 0.03 0.021
iso Cy5,0 Isomeric heptadecanoic acid 031C 0.34C 0.44B 0.51A 0.46B 0.016 0.035
Cs Stearic acid 9.44 A 9.19 AB 8.94 B 8.88B 9.04 AB 0.105 0.024
Cyo Arachidic acid 0.21 0.20 0.16 0.17 0.18 0.005 0.094
Cono Behenic acid 0.20 0.17 0.19 0.16 0.17 0.012 0.151
UFA 6.30 6.50 6.10 6.10 6.20 0.240 0.062
MUFA 3.60 3.80 3.50 3.50 3.60 0.230 0.117
Coas Myristoleic acid 1.01 1.07 0.91 0.90 0.99 0.240 0.173
Cien Palmitoleic acid 16 1.71 1.63 1.64 1.62 0.051 0.220
Trans-9C18,, Elaidic acid 0.74 0.76 0.78 0.77 0.74 0.022 0.185
Cis-9C18,, Oleic acid 187 A 183 A 16.7 B 16.3B 16.8 B 0.048
Coonr Cis-11-eicosenoic acid 0.21 0.23 0.17 0.18 0.20 0.004 0.087
Coon Erucic acid 0.04 0.04 0.03 0.03 0.04 0.003 0.311
PUFA 2.70 2.68 261 2.60 2.58 0.033 0.074
Ciganee Linolelic acid 241 242 241 2.36 2.34 0.032 0.093
Cigans y-Linolenic acid 0.03 0.02 0.02 0.02 0.03 0.002 0.149
Ciasns a-Linolenic acid 0.02 0.04 0.03 0.05 0.04 0.002 0.081
Coo3n6 Cis-8,11,14-eicosatrienoic acid 0.06 0.04 0.03 0.03 0.04 0.002 0.211
Cro3n3 Cis-11,14,17-eicosatrienoic acid 0.18 0.16 0.12 0.14 0.13 0.005 0.305
SMCFA 22.2 22.8 22.6 225 22.8 0.088 0.230
LCFA 42.1 41.0 41.0 39.0 39.7 0.33 0.063

aFA, fatty acids; SFA, saturated fatty acids; UFA, unsaturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SMCFA, short- and medium-
chain fatty acids; LCFA, long-chain fatty acids; Con, control group; I-1, inulin-1 group (the inulin addition level was 100 g/day per cow); I-2, inulin-2 group (the inulin
addition level was 200 g/day per cow); I-3, inulin-1 group (the inulin addition level was 300 g/day per cow); I-4, inulin-1 group (the inulin addition level was 400 g/day per

cow); SEM, standard error of the mean.
bDifferent uppercase letters in a group represent significantly different values (P < 0.05).

and after inulin addition were rarefied to 44,279 and 33,766 sequencing reads. After
operational taxonomic unit (OTU) clustering of nonrepeated sequences and removal of
chimeras, a total of 5,651 and 4,876 OTU representative sequences with >97% similar-
ity were obtained, respectively, before and after inulin addition. Before inulin supple-
mentation, the alpha-diversity indexes of the milk microbiota had no significant differ-
ence among groups (see Table S3 in the supplemental material). However, inulin
treatment made significant changes in the milk microbiota diversity and richness in
SCM cows. The observed richness (Sobs) (P = 0.046), Shannon index (P = 0.042) abun-
dance-based coverage estimator (ACE) (P = 0.045), and Chao (P = 0.041) results were
lower in the I-3 group (the Shannon index had no significant difference in the I-2, I-3,
and I-4 groups) than those in the control group. Moreover, the Good’s coverages of all
samples exceeded 99%, indicating completeness of sequencing within the community
(Table 3). The rarefaction curve was constructed by using the microbial alpha diversity
index of each sample at different sequencing depths. As shown in Fig. S1 and S2, the
curves tended to be as flat as the increase in the number of reads sampled, implying
adequate sequencing data and depth.
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TABLE 3 Effect of inulin supplementation on alpha diversity of milk microorganisms in cows
with subclinical mastitis@

Data for groups (n = 8)°

Item Con I-1 1-2 -3 -4 SEM P value
Sobs 829 A 725B 667 BC 630C 699 B 24.1 0.046
Shannon 480 A 426 A 3.38B 3.54B 3.74B 0.176 0.042
Simpson 0.10 0.13 0.10 0.07 0.10 0.020 0.299
ACE 848 A 768 B 771 B 661 C 794 B 37.6 0.045
Chao 855 A 778 B 761 B 667 C 795 B 37.6 0.041
Coverage 0.999 0.998 0.996 0.998 0.996 0.0003 0.603

aCon, control group; I-1, inulin-1 group (the inulin addition level was 100 g/day per cow); I-2, inulin-2 group (the
inulin addition level was 200 g/day per cow); I-3, inulin-1 group (the inulin addition level was 300 g/day per
cow); I-4, inulin-1 group (the inulin addition level was 400 g/day per cow); SEM, standard error of the mean.
bDifferent uppercase letters in a group represent significantly different values (P < 0.05).

The phylum and genus compositions of milk microbiota before and after inulin addition
are listed in Tables S4 to S7. At the phylum level, Proteobacteria (434 = 0.25%; 41.9 = 0.80%,
respectively), Actinobacteriota (259 * 0.20%; 239 =* 0.63%), Firmicutes (216 = 021%;
204 * 0.40%), and Bacteroidota (3.01 £ 0.09%; 5.71 = 0.52%), were the predominant taxa
(Fig. 1A and Fig. S3A). At the genus level, Rhodococcus (14.7 = 045%; 10.6 £ 0.66%, respec-
tively), Acinetobacter (11.1 = 051%; 868 = 047%), Enterococcus (566 =+ 0.12%;
334 *+ 041%), Pseudomonas (464 * 0.07%; 329 *= 0.20%), Burkholderia-Caballeronia-
Paraburkholderia (624 = 021%; 3.03 = 052%), Corynebacterium (464 = 0.07%;
2.75 * 0.26%), and unclassified_f_Enterobacteriaceae (4.25 * 0.10%; 2.50 *= 0.33%) were the
most abundant (Fig. 1C and Fig. S3B). The number of common and unique milk bacteria at
the OTU level among groups after inulin addition are shown in Fig. 1B.

Differential taxa among control and inulin-fed group milk microflora. As shown
in Tables S4 and S5, there was no significant differences in milk microbes among 5
groups before inulin supplementation. After inulin supplementation, the principal-
coordinate analysis (PCoA) based on Bray-Curtis distance algorithm and the weighted
UniFrac distance algorithm showed that the milk microbial community among differ-
ent groups could be basically separated (Fig. 2A and B). To visualize the differences in
community composition among different groups, hierarchical clustering analysis (HCA) of
milk bacteria (top 60 of relative abundance) based on the Bray-Curtis distance algorithm
on the OTU level were conducted. The milk microbiota in 40 milk samples was separated
into two large clusters. Rhodococcus, Acinetobacter, Pseudomonas, Corynebacterium, Strep-
tococcus, Enterobacter, Escherichia-Shigella, Burkholderia-Caballeronia-Paraburkholderia, and
Staphylococcus were concentrated in the control and I-1 groups with high relative abundance.
Lactobacillus, Bifidobacterium, norank_f_Muribaculaceae, Christensenellaceae_R-7_group, and
Rikenellaceae_RC9_gut_group were clustered in the |-2, I-3, and -4 groups, and with higher rel-
ative abundance in the I-3 group than the other two groups (Fig. S4).

To further obtain the significant difference of milk microbiota among groups, linear
discriminant analysis effect size (LEfSe) and Kruskal-Wallis H test analysis were used to
perform significant difference tests among multiple groups. The significantly differen-
tial bacteria selected are shown in Fig. 3 and Table 4, with a linear discriminant analysis
(LDA) score of >3.0 and a false-discovery rate (FDR)-adjusted P value of <0.05. At the
phylum level, compared with the control group, the relative abundance of Bacteroidota
(FDR-adjusted P value = 0.032) was increased in the I-3 group, without a significant differ-
ence between the I-2, I-3, and I-4 groups. However, the relative abundance of Proteobacteria
(FDR-adjusted P value = 0.085) and Actinobacteriota (FDR-adjusted P value = 0.081) tended
to be decreased in the I-3 group.

At the genus level, 11 taxa were significantly decreased with inulin supplementa-
tion, including Acinetobacter (FDR-adjusted P value = 0.035), Burkholderia-Caballeronia-
Paraburkholderia (FDR-adjusted P value = 0.037), Pseudomonas (FDR-adjusted P
value = 0.038), Escherichia-Shigella (FDR-adjusted P value = 0.045), unclassified_f__
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FIG 1 The number of unique and common bacteria and composition of microbiol communities based on OTU level in milk samples of the control and

different inulin groups. (A) Phylum level; (B) Venn diagram; (C) genus level.

Enterobacteriaceae (FDR-adjusted P value = 0.040), Klebsiella (FDR-adjusted P value =
0.046), Staphylococcus (FDR-adjusted P value = 0.040), Enterococcus (FDR-adjusted P
value = 0.042), Streptococcus (FDR-adjusted P value = 0.045), Rhodococcus (FDR-
adjusted P value = 0.031), and Corynebacterium (FDR-adjusted P value = 0.043).

Among them, the relative abundance of Staphylococcus, Enterococcus, and Rhodococcus had
no significant difference between the I-2 and I3 groups. The relative abundance of Acinetobacter,
Burkholderia-Caballeronia-Paraburkholderia, Escherichia-Shigella, unclassified_f _Enterobacteriaceae,
Enterococcus, and Corynebacterium had no significant difference among the -2, I-3, and -4 groups.

On the other hand, 4 taxa were significantly enriched after inulin treatment, Lacto-
bacillus (FDR-adjusted P value = 0.044), Bifidobacterium (FDR-adjusted P value = 0.026),
norank_f_Muribaculaceae (FDR-adjusted P value = 0.030), and Prevotellaceae_UCG-003
(FDR-adjusted P value = 0.046). The highest abundance of Lactobacillus and Bifidobacterium
had no significant difference among the I-2 and I-3 groups. The highest abundance of
Prevotellaceae_UCG-003 had no significant difference between the I-3 and |-4 groups. The
highest value of norank_f_Muribaculaceae was in the I-3 group (Table 4).

LC-MS metabolite profiling of milk samples. To characterize the milk metabolic
profile, LC-MS metabolomic profiling was carried out in nontargeted mode. Total ion
chromatograms (TIC) of quality control (QC) samples in positive and negative ioniza-
tion mode are shown in Fig. S4. The total ion intensity and retention time of different
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FIG 2 (A and B) Principal coordinate analysis (PCoA) based on (A) Bray-Curtis and (B) weighted UniFrac distance algorithm of
microbial communities in milk samples of dairy cows with subclinical mastitis (SCM) from the control and different inulin groups.
Con, control group; I-1, inulin-1 group (the inulin addition level was 100 g/day per cow); I-2, inulin-2 group (the inulin addition level
was 200 g/day per cow); I-3, inulin-1 group (the inulin addition level was 300 g/day per cow); I-4,= inulin-1 group (the inulin addition
level was 400 g/day per cow).

QC samples were basically consistent, implying the reliability of the experimental data.
To provide a global difference among groups and the degree of variation within
groups, an unsupervised multivariate statistical analysis method, principal-component
analysis (PCA), was conducted in positive and negative ion mode (Fig. 4A and B).
Orthogonal partial least-squares discriminant analysis was performed to further distin-
guish the difference between groups in positive and negative ion mode. Meanwhile,
response permutation testing (RPT) was conducted to assess the accuracy of the or-
thogonal least partial square discriminant analysis (OPLS-DA) model. In OPLS-DA, R?X
(cum) and R?Y(cum) indicate the cumulative interpretation rate of the X and Y matrix
of the model, respectively. The closer relationship between these two indicators was to
1, the more the model was stable and reliable; Q*(cum) denoted the predictive ability
of the model, which was above 0.5 and represented a credible predictive ability of the
model (23). In RPT, the intercept value of R? and Q? were >0.70 and <0, respectively,
implying that the OPLS-DA model was not been overfitted (Fig. S5 and S6).

Metabolite identification and difference analysis among groups. After filtering
and normalization of the raw data and QC verification, the metabolites in 40 milk sam-
ples added up to 891, with 522 and 369 metabolites by positive and negative ion
modes, respectively. At the superclass level, 38.85% were classified as lipids and lipid-
like molecules, 17.15% as organic acids and derivatives, 15.32% as organoheterocyclic
compounds, and 9.71% as organic oxygen compounds (Fig. S7A). At the class level, the
metabolites belonging to carboxylic acids and derivatives (14.50%), glycerophospholi-
pids (13.41%), fatty acyls (11.08%), and organooxygen compounds (9.71%) were the
most abundant (Fig. S7B). At the subclass level, the top four classifications of metabo-
lites in abundance were amino acids (AAs), peptides, and analogues (14.09%), not
available (10.40%), carbohydrates and carbohydrate conjugates (6.43%), and glycero-
phosphocholines (4.65%) (Fig. S7C).

Differential metabolites were identified by variable importance in projection (VIP) analy-
sis and multigroup comparison. Variable important in projection based on OPLS-DA was
performed to select the differential metabolites between control and I-1, control and I-2,
control and I-3, control and I-4. The differential metabolites with the top 50 VIP scores are
listed in Fig. 5A to D and Tables S8 to S11. Further, the Kruskal-Wallis H test was used to
conduct multigroup analysis of variance. The differential metabolites with an FDR-adjusted
P value of <0.05 among 5 groups are shown in Fig. 5E and Table S12. Among them, com-
pared with the control group, the abundance of (+)12,13-DiHOME, leukotriene E3, valyl-
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FIG 3 The linear discriminant analysis effect size (LEfSe) analysis of milk microbial taxa among the control and different inulin groups. (A) The cladogram shows the taxa
with significant differences in abundance (from phylum to genus level). (B) The LDA bar chart shows the influence of different bacteria on the differences among groups.
The LDA score is >3.0. Con, control group; I-1, inulin-1 group (the inulin addition level was 100 g/day per cow); I-2, inulin-2 group (the inulin addition level was 200 g/
day per cow); I3, inulin-1 group (the inulin addition level was 300 g/day per cow); |4, inulin-1 group (the inulin addition level was 400 g/day per cow).

proline, phosphatidylinositol (Pl) [18:0/20:3(5Z,8Z,112)], and cytidine diphosphate diacyl-
glycerol (CDP-DG) [18:1(112)/18:2(9Z,12Z)] were significantly decreased in the I-2 and I-3
groups, and without significant difference between the two groups. The lowest value of
20-carboxy-leukotriene B4, 12-Oxo-c-LTB3, CDP-DG [18:2(9Z,112)/i-14:0], and substance P
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TABLE 4 Significantly differential milk microbiota among control and inulin groups®

Applied and Environmental Microbiology

Data for groups (n = 8)°

Item Con I-1 -2 -3 -4 SEM P value FDR

Proteobacteria 45.15 42.21 35.22 42.03 44,94 0.803 0.017 0.085
Acinetobacter 11.70 A 10.5TA 6.16 B 7.11B 792B 0.468 235x 1074 0.035
Burkholderia-Caballeronia-Paraburkholderia 6.33A 540 A 1.04B 0.93B 147 B 0.523 401 x10°* 0.037
Pseudomonas 478 A 457 A 2.11B 1.65B 3.34AB 0.198 461 x 107* 0.038
Escherichia-Shigella 3.07A 3.18A 1.23B 1.04B 147 B 0.200 1.54 x 1073 0.045
unclassified_f_Enterobacteriaceae 438 A 412A 0.85B 1.61B 1.53B 0.326 6.11 x 1074 0.040
Klebsiella 0.44 A 048 A 0.22B 0.11C 0.13C 0.033 131 x 103 0.046
Brucella 0.08 0.08 0.05 0.14 0.10 0.007 0.011 0.069
Succinivibrio 0.02 0.02 0.04 0.10 0.04 0.006 0.014 0.080
Firmicutes 20.72 20.00 23.63 19.42 18.42 0.395 0.086 0.107
Lactobacillus 0.09 C 0.13C 0.50A 0.62 A 0.34B 0.050 947 x 1074 0.041
Staphylococcus 0.56 A 0.54 A 0.16 B 0.11B 0.50 A 0.044 119 x 1073 0.040
Enterococcus 537A 590A 2.07B 1.67B 2.12B 0.407 7.04 x 1074 0.042
Streptococcus 0.80A 0.70A 0.48B 0.24C 0.46B 0.044 1.26 x 1073 0.045
Romboutsia 0.68 0.81 1.24 1.77 0.96 0.086 0.014 0.084
Paeniclostridium 0.97 0.61 0.53 0.58 0.39 0.043 0.004 0.070
Christensenellaceae_R-7_group 0.27 0.50 0.62 0.86 0.61 0.043 0.005 0.068
norank_f_UCG-010 0.12 0.87 0.11 0.52 0.32 0.064 0.010 0.062
Coprococcus 0.13 0.10 0.07 0.04 0.04 0.008 0.024 0.094
Bacteroidota 271B 3.33B 7.00 A 8.86 A 6.65 A 0.521 0.001 0.032
Prevotellaceae_UCG-003 0.14C 0.17C 0.48B 0.65A 0.66 A 0.051 132 x 1073 0.043
norank_f_Muribaculaceae 0.10C 0.16 C 0.43B 0.67 A 0358 0.046 2.16 x 1073 0.048
Rikenellaceae_RC9_gut_group 0.15 0.14 0.45 0.69 0.32 0.046 0.005 0.068
Sphingobacterium 0.07 0.14 0.23 0.33 0.17 0.019 0.006 0.071
Actinobacteriota 27.29 26.31 24.03 19.56 22.06 0.629 0.012 0.081
Rhodococcus 15.53A 11.66 AB 8.76 B 6.76 B 10.46 AB 0.660 1.04 x 104 0.031
Corynebacterium 461A 3.86 A 1.97B 1.56 B 1.76 B 0.257 1.02 x 107* 0.043
Bifidobacterium 035C 033C 090 A 1.18 A 0.74B 0.073 5.08 x 104 0.039
Micrococcus 0.18 0.25 0.92 0.72 0.58 0.062 0.008 0.057

aCon, control group; I-1, inulin-1 group (the inulin addition level was 100 g/day per cow); I-2, inulin-2 group (the inulin addition level was 200 g/day per cow); I-3, inulin-1
group (the inulin addition level was 300 g/day per cow); I-4, inulin-1 group (the inulin addition level was 400 g/day per cow); SEM, standard error of the mean; FDR, false-

discovery rate.
bDifferent uppercase letters in a group represent significantly different values (FDR < 0.05).

were in the I-3 group. Moreover, the lowest value of okadaic acid had no significant differ-
ence among the I-2, |-3, and I-4 groups.

On the other hand, the abundance of L-phenylalanine, gamma-tocotrienol, hydroxyphe-
nyllactic acid, beta-p-lactose, L-carnitine, pyroglutamyl-isoleucine, 8-iso-15-keto-prostaglan-
din E, (PGE,), citric acid, benzoic acid, L-tryptophan, 3-methyl pyruvic acid, 2-aminobenzoic
acid, (R)-3-hydroxybutyrylcarnitine, aconitic acid, aminohippuric acid, propionic acid, and
isocitrate were significantly increased in the I-2 and |-3 groups compared with the control
group, and without significant difference between the two groups. The highest value of
prostaglandin A1 (PGA1) and melleolide C were in the I-3 group.

The top 5 differential metabolites with a lower FDR-adjusted P value were used for
receiver operator characteristic curve (ROC) analysis. As shown in Fig. 6, the area under
the curve (AUQ) of ()12, 13-DIHOME (1 and 1), leukotriene E3 (0.972 and 0.972), 20-
carboxy-leukotriene B4 (0.972 and 0.972) and PGA1 (0.972 and 1) from the control ver-
sus the I-2 group and the control versus the I-3 group, respectively, were higher than
those of the control versus the I-1 group (0.944, 0.889, 0.861, and 0.917, respectively)
and the control versus the I-4 group (0.972, 0.917, 0.944 and 0.972, respectively), which
meant that the above-mentioned 4 biomarkers in the I-2 and I-3 groups had a reliable
assessment ability to the effect of inulin on SCM. However, the AUC of L-phenylalanine
in the control versus the I-1 group and the control versus the I-3 group (0.972 and
0.944, respectively) were higher than those in the control versus the I-2 group (0.889)
and the control versus the I-4 group (0.917).

Metabolic pathway enrichment analysis. In the present study, the downregulated
metabolic pathway included linoleic acid metabolism, arachidonic acid metabolism, and
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FIG 4 (A and B) Principal-component analysis (PCA) plots of the milk metabolome of the control and different
inulin groups in (A) positive and (B) negative ion modes. Con, control group; I-1, inulin-1 group (the inulin
addition level was 100 g/day per cow); I-2, inulin-2 group (the inulin addition level was 200 g/day per cow);
I-3, inulin-1 group (the inulin addition level was 300 g/day per cow); I-4, inulin-1 group (the inulin addition
level was 400 g/days per cow).

phospholipid metabolism (FDR-adjusted P value < 0.05). On the contrary, several AAs’ bio-
synthesis and degradation, aminoacyl-tRNA biosynthesis, citrate cycle, fatty acid degrada-
tion, galactose metabolism, ubiquinone, and other terpenoid-quinone biosynthesis and
eicosanoid metabolism were upregulated (FDR-adjusted P value < 0.05) (Table 5).

Analysis of correlation between differential milk microbiota and milk compositions,
differential metabolites and milk compositions, and differential microbiomes and
metabolites in milk. Spearman correlation analysis was used to determine the correlation.
The r of >0.40 and FDR-adjusted P value of <0.05 are listed in Tables S13 to S15. As shown
in Fig. 7A and Table S13, the milk yield was positively associated with Prevotellaceae_UCG-
003 while negatively associated with Streptococcus, Staphylococcus, Rhodococcus, Klebsiella,
and Escherichia-Shigella. The milk proteins were negatively associated with Staphylococcus
and Streptococcus. The milk lactose was positively associated with Bifidobacterium and
norank_f_Muribaculaceae but negatively associated with Staphylococcus and Streptococcus.
The milk SCC was positively correlated with Rhodococcus, Escherichia-Shigella, Streptococcus,
Staphylococcus, Pseudomonas, Klebsiella, and Corynebacterium while negatively associated
with Bifidobacterium, Lactobacillus, and Acinetobacter.

In addition, the milk yield was positively correlated with L-carnitine and negatively
correlated with 20-carboxy-leukotriene B4. The milk proteins were positively correlated
with L-phenylalanine, L-tryptophan, and hydroxyphenyllactic acid but negatively corre-
lated with 20-carboxy-leukotriene B4. The milk lactose was positively correlated with
beta-p-lactose and 3-methyl pyruvic acid, whereas it was negatively correlated with 20-
carboxy-leukotriene B4 and (*)12,13-DiIHOME. The milk SCC was positively correlated
with (£)12,13-DIHOME and 20-carboxy-leukotriene B4 while negatively correlated with
benzoic acid, 8-iso-15-keto-PGE2, and PGAT1 (Fig. 7B and Table S14).

As shown in Fig. 7C and Table S15, (=)12,13-DiIHOME was positively correlated with
Rhodococcus, Burkholderia-Caballeronia-Paraburkholderia, Staphylococcus, Escherichia-
Shigella, Klebsiella, Streptococcus, and Acinetobacter but negatively correlated with
Lactobacillus. Leukotriene E3 was positively correlated with Streptococcus, Pseudo
monas, and unclassified_f_Enterobacteriaceae. 20-carboxy-leukotriene B4 was positively
correlated with Rhodococcus, Klebsiella, Burkholderia-Caballeronia-Paraburkholderia, and
Staphylococcus while negatively correlated with norank_f_Muribaculaceae, Lactobacillus,
and Bifidobacterium. L-phenylalanine was negatively correlated with Escherichia-Shigella,
Enterococcus, unclassified_f _Enterobacteriaceae, and Rhodococcus. PGAT was negatively
correlated with Enterococcus, Klebsiella, Staphylococcus, and Rhodococcus. Gamma-tocotrie-
nol was positively associated with Lactobacillus. Hydroxyphenyllactic acid was negatively
associated with Pseudomonas and Escherichia-Shigella but positively associated with
Lactobacillus. Beta-p-lactose was positively correlated with Prevotellaceae_UCG-003 while
negatively correlated with Streptococcus. Pyroglutamyl-isoleucine was negatively correlated
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with Burkholderia-Caballeronia-Paraburkholderia and unclassified_f_Enterobacteriaceae. 8-
iso-15-keto-PGE2 was negatively correlated with Rhodococcus, Streptococcus, and Klebsiella.
12-Oxo-c-LTB3 was positively correlated with Rhodococcus, Burkholderia-Caballeronia-
Paraburkholderia, Enterococcus, and Pseudomonas. Citric acid was negatively correlated
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FIG 6 Receiver operator characteristic (ROC) curve of significantly differential metabolites (top 5 FDR P value). (A to D) ()12, 13-DiHOME between Con
and I-1, Con and I-2, Con and I-3, and Con and I-4, respectively. (E to H) Leukotriene E3 between Con and I-1, Con and I-2, Con and I-3, and Con and I-4,
respectively. (I to L) 20-Carboxy-leukotriene B4 between Con and I-1, Con and I-2, Con and -3, and Con and I-4, respectively. (M to P) PGA1 between Con
and I-1, Con and I-2, Con and -3, and Con and I-4, respectively. (Q to T) L.-Phenylalanine between Con and I-1, Con and -2, Con and I-3, and Con and |-4,
respectively. Con, control group; I-1 = inulin-1 group (the inulin addition level was 100 g/day per cow); I-2, inulin-2 group (the inulin addition level was 200
g/day per cow); I-3, inulin-1 group (the inulin addition level was 300 g/day per cow); I-4, inulin-1 group (the inulin addition level was 400 g/day per cow).
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TABLE 5 Metabolic pathway enrichment analysis of significant differential milk metabolites among control and inulin groups®

Applied and Environmental Microbiology

Metabolites KEGG pathway P value FDR
Downregulated
(*+)12,13-DiHOME Linoleic acid metabolism 0.003 0.034
Leukotriene E3 Arachidonic acid metabolism 0.001 0.009
20-Carboxy-leukotriene B4 Arachidonic acid metabolism 1x1074 0.003
12-Ox0-c-LTB3 Arachidonic acid metabolism 0.001 0.009
CDP-DG [18:2(9Z,11Z)/i-14:0] Phospholipid metabolism 0.002 0.024
PI[18:0/20:3(5Z,8Z,112)] Phospholipid metabolism 0.002 0.025
CDP-DG [18:1(112)/18:2(9Z,127)] Phospholipid metabolism 0.004 0.042
Okadaic acid - - -
Valyl-proline Protein degradation 0.002 0.027
Substance P Neuroactive ligand-receptor interaction 0.004 0.046
Upregulated
L-Phenylalanine Phenylalanine metabolism 0.001 0.018
ABC transporters 0.003 0.037
Benzoic acid Phenylalanine, tyrosine, and tryptophan biosynthesis 0.005 0.049
Phenylalanine metabolism 1.00 x 107* 0.003
Tryptophan metabolism infinitesimal infinitesimal
2-Aminobenzoic acid Phenylalanine, tyrosine, and tryptophan biosynthesis 0.005 0.049
L-Tryptophan Phenylalanine, tyrosine, and tryptophan biosynthesis 0.005 0.049
Tryptophan metabolism infinitesimal infinitesimal
3-Methyl pyruvic acid Glycine, serine, and threonine metabolism 0.003 0.036
Cysteine and methionine metabolism 0.001 0.031
Aminohippuric acid Phenylalanine metabolism 1.00 x 107* 0.003
Propionic acid Carbohydrate digestion and absorption 0.004 0.041
Propanoate metabolism 0.001 0.023
Phenylalanine metabolism 1.00 x 10~* 0.003
Hydroxyphenyllactic acid Ubiquinone and other terpenoid-quinone biosynthesis 0.002 0.039
Tyrosine metabolism 0.007 0.061
Pyroglutamyl-isoleucine Peptide and amino acid metabolism 0.006 0.054
Citric acid Citrate cycle (TCA cycle) 0.001 0.038
Alanine, aspartate, and glutamate metabolism 0.006 0.057
Aconitic acid Citrate cycle (TCA cycle) 0.004 0.038
Glyoxylate and dicarboxylate metabolism 0.006 0.054
Isocitrate Citrate cycle (TCA cycle) 0.002 0.038
L-Carnitine Fatty acid degradation 0.005 0.047
(R)-3-hydroxybutyrylcarnitine Fatty acid degradation 0.005 0.049
Beta-p-lactose Galactose metabolism 0.002 0.037
Gamma-tocotrienol Ubiquinone and other terpenoid-quinone biosynthesis 0.002 0.031
PGA1 Eicosanoid metabolism 0.002 0.033
8-1s0-15-keto-PGE2 Eicosanoid metabolism 0.006 0.052
Melleolide C - - -

9PGA1, prostaglandin A1; ABC transporters, ATP binding cassette transporter; TCA cycle, tricarboxylic acid cycle; -, the KEGG pathway was unknown; FDR, false discovery

rate.

with Rhodococcus, Acinetobacter, and Staphylococcus. Benzoic acid and 2-aminobenzoic
acid were all negatively correlated with unclassified_f_Enterobacteriaceae and Escherichia-

Shigella.

DISCUSSION

To our knowledge, the effects of dietary inulin supplementation on milk yield and

composition in dairy cows have not been reported. However, one of the reasons might
be attributed to the shifts in the rumen internal environment. Consistent with Zhao et
al. (24) and Tian et al. (25), our previous study also showed that the addition of inulin
could increase the concentration of propionate, butyrate, and total volatile fatty acid
(VFAs) and decrease the NH;-N concentrations in the rumen of SCM cows (21). As a
precursor to lactose synthesis, the increase in propionate promotes milk lactose syn-
thesis. Moreover, the decreased NH5-N concentration resulted in the increase of micro-
bial protein synthesis in the rumen, which might contribute to the mammary gland
ingesting protein to synthesize milk protein (26). Meanwhile, additional VFAs could
provide energy for lactation. However, our previous study found no significant increase
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FIG 7 (A to C) Analysis of Spearman correlation between (A) significantly abundant milk microorganisms
and milk compositions, (B) significantly differing milk metabolites and milk compositions, and (C)
significantly differential bacteria and metabolites in milk samples among the control and different inulin
treatment groups. The red color represents a positive correlation, while the blue color represents a
negative correlation. *, significant correlation between the factors (FDR-adjusted P value < 0.05).

in acetate concentration after inulin supplementation compared to the control group
(21). Also, several studies have reported a decrease in acetate and increased butyrate
in the rumen after inulin supplementation (24, 27). As a precursor of milk fat synthesis
(28), the decrease in ruminal acetate might explain the downward trend in milk fat.
Further, we investigated the effects of inulin on milk fatty acids (FAs), which might
be closely related to ruminal microbial community structure and VFA concentration. In
the current study, the increase in percentage of C, might be attribute to the increase
of butyrate concentration in the rumen (24). In addition, propionyl coenzyme A is the
precursor of linear odd-number-chain FA synthesis in the mammary gland tissue (29).
Thus, the increased percentage of C,;, C;5, and C;; might reflect the increased propio-
nate production in the rumen. The odd- and branched-chain FAs in milk mostly come
from the rumen bacteria (30). Our previous study showed increased Bacteroidetes and
decreased Firmicutes in the rumen of SCM cows in the I-3 group compared to the
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control group (21). Jami et al. reported a positive correlation between the milk fat and
the ratio of Firmicutes to Bacteroidetes (31). The increase of Bacteroidetes in the gut indi-
cated a decreased fat concentration in blood and tissues (32). Meanwhile, the decrease
in PUFA was also reported to be related to the increase in Bacteroidetes and decrease
in Firmicutes (33). Increased anteiso C;s, might be related to Prevotella, which is
reported to be rich in anteiso C;s, (30). The iso C,, was reported to be strongly corre-
lated with the ratio of adenine:N of rumen bacteria (34). In addition, Cabrita et al. sug-
gested that the concentration of anteiso C,,, in milk was significantly negatively
related with the rumen NH;-N concentration (35). Therefore, the content of anteiso
C,70 and iso C;;, might imply the synthesis of microbial proteins in rumen. Moreover,
cows with mastitis are often accompanied by negative energy balance (36). During
mastitis, metabolites involved in energy metabolism were reported to be decreased
(23). The LCFA, stearic acid, and in particular, oleic acid were reported to be compensa-
torily increased during the low body energy level (37, 38). In the present study, the
decrease in the percentage of cis-9¢18:1 and the downward trend of LCFA after the
addition of inulin might reflect the elevated energy level in SCM cows.

The function of diet modulation on mammary gland microflora has been demon-
strated (13-15). In the current study, inulin supplementation reduced the richness and
diversity of mastitic milk microorganisms, which were mainly from the phyla Proteo-
bacteria and Firmicutes, which were the main bacteria phyla enriched in etiologic
agents from mastitic milk, including Escherichia-Shigella, Pseudomonas, Acinetobacter,
Klebsiella, Staphylococcus, Streptococcus, and Corynebacterium (39, 40). The positive cor-
relation between these taxa and milk SCC has also been shown (41). Interestingly, our
previous study found that Streptococcus, Staphylococcus, and Escherichia-Shigella were
also reduced in the rumen of SCM cows that consumed inulin (21), which might indi-
cate that several microbiomes were coregulated between the rumen and mammary
gland. Rhodococcus has previously been misidentified as Corynebacterium bovis in mas-
titic milk (42). Angeliki et al. found that the abundance of Rhodococcus was the highest
among 18 of 50 clinical mastitic milk samples (40).

In addition, several potentially proinflammatory bacteria rarely reported in mastitis
were identified in the present study. Burkholderia-Caballeronia-Paraburkholderia, a kind
of Burkholderia complex bacteria, was an opportunistic pathogen (43). It has been
reported that the ability of Burkholderia complex bacteria to induce proinflammatory
cytokines was 10 times greater than that of P. aeruginosa (44). Thus, the current study
speculated that Burkholderia-Caballeronia-Paraburkholderia might be responsible for
the increase of milk SCC during SCM.

However, inulin supplementation increased the relative abundance of the phylum
Bacteroidota in SCM milk, which was analogous with the variation tendency of ruminal
bacteria (21). The phylum Bacteroidota, including norank_f_Muribaculaceae and Rike-
nellaceae_RC9_gut_group, is known to produce propionate (45). In addition, Prevo-
tellaceae_UCG-003 could produce succinate, which could further produce propionate
(46). This might explain the positive association between the above-mentioned bacte-
ria and milk lactose. The accumulating evidence showed that inulin intake could stimu-
late the proliferation of Lactobacillus and Bifidobacterium in the intestinal tract (18, 19).
Our previous study also found the increased relative abundance of these two bacteria
in the rumen of SCM cows after being fed inulin (21). In the current study, we further
observed the increase of these two bacteria in the sampled milk. These observations
might support the existence of the endogenous milk microbiota pathway (9-11). In
fact, during lactation, several commensal microbiotas in the gastrointestinal tract can
be carried out by intestinal immune cells (such as dendritic cells) and transferred to the
udder via lymphoid tissue and peripheral blood circulation (11, 47). Lactobacillus in the
udder could exert antimicrobial activity by producing antibacterial substances, such as
bacteriocins, organic acids, etc. (48). However, during IMI, some pathogens, such as
Streptococcus and Staphylococcus, could produce anti-Lactobacillus substances (i.e., lan-
tibiotics) to resist Lactobacillus (41). In addition, Ma et al. reported that mastitis might
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be correlated with the absence of Lactobacillus, which would increase the susceptibility
to mastitis (7). The negative correlation between Lactobacillus and SCC was also veri-
fied (7, 41). Similarly, Bifidobacterium in milk and the gastrointestinal tract plays an im-
portant role in the host’s symbiotic relationship of maintaining microbiota homeostasis
(49). Nagahata et al. reported that injection of Bifidobacterium into the udder could
trigger immune cell infiltration and enhance the immune response of the mammary
gland, which further eliminates secondary pathogens of SCM (50). However, the corre-
lation between Bifidobacterium and SCC needs to be further verified.

Similarities exist in the effects of diet on the microbiome population between the
gastrointestinal tract and mammary glands (12, 13). Combined with our previous stud-
ies, the current study shows that inulin intake could regulate the milk microbiota of
SCM cows. The effect of inulin on the milk microbiota compared with the ruminal
microbiome displayed similarities (21).

The enrichment of proinflammatory mediators, including leukotriene E3, 20-carboxy-
leukotriene B4, and 12-Oxo-c-LTB3, in milk during SCM upregulated arachidonic acid me-
tabolism. Among them, the 20-carboxyleukotriene B4 is an omega-oxidized metabolite of
leukotriene B4, which was reported to be significantly increased in Klebsiella-induced bo-
vine mastitis (51). Meanwhile, another leukotoxin produced by neutrophils, (+)12, 13-
DIHOME, could result in cellular oxidative stress and specifically inhibit mitochondrial func-
tion (52). The above inflammation-related metabolites were closely related to the chemo-
taxis and production of neutrophils, which might explain their positive correlation with
milk SCC. In addition, a neuropeptide, substance P, with the potential for proinflammation
in intestinal inflaimmation was identified in SCM cow milk (53). It might imply the correla-
tion between the occurrence of cow mastitis and intestinal health status. Moreover, the
increase of several phospholipid metabolites, such as CDP-DG [18:2(9Z,112)/i-14:0] and PI
[18:0/20:3(5Z,8Z,112)] confirmed the increased lipolysis during SCM, which resulted in an
increase in free fatty acids (54). This also reflected a decrease in energy level of mastitic
cows (38). Thus, our data indicated that the proinflammatory metabolites and energy con-
sumption in cows were raised during SCM.

However, inulin supplementation in the current study seem to relieve the above-
described symptoms to a certain extent. Elevated -phenylalanine was the precursor of
tyrosine and has been reported to be concentrated in foods with high protein (55).
This finding might mirror the increase in milk protein after feeding inulin. Further, two
phenylalanine metabolites, benzoic acid and aminohippuric acid, were also identified.
Benzoic acid could diminish the viability of Escherichia coli (56). Hippurate was reported
to be associated with increased consumption of dietary fiber and negatively associated
with the risk of metabolic syndrome (57). Pyroglutamyl-isoleucine could exert the anti-
inflammatory activity by inhibiting the production of nitric oxide (58). Hydroxyphenyll-
actic acid is a tyrosine analogue, which is produced by Lactobacillus (59). Besides, ele-
vated PGA1 could cause anti-inflammation properties by inhibiting phosphorylation
and preventing degradation of IkB-a, which is the NF-«B inhibitor (60). 8-iso-15-keto-
PGE2 and gamma-tocotrienol were reported to have potentially antiproliferative
effects on neoplastic mammary epithelial cells (61, 62). The increased metabolites sug-
gested the roles of inulin supplementation to prevent pathogen proliferation and
inflammatory response.

On the other hand, the increased abundance of 3-methyl pyruvic acid, citric acid,
aconitic acid, and isocitrate upregulated the tricarboxylic acid (TCA) cycle pathway. L-
carnitine was involved in FA B-oxidation in mitochondria, and finally, in upgrading
energy metabolism (63). Therefore, the increase of these metabolites suggested that
inulin supplementation could enhance the energy level in SCM cows, which also
explains their positive correlation with milk yield. The increase of propionic acid and
beta-p-lactose showed that inulin supplementation enhanced propanoate and galac-
tose metabolism, respectively. Our previous study reported the increased propionate
in the rumen of cows fed inulin (21), which might promote milk lactose synthesis. Ma
et al. showed that probiotic intake could improve galactose, pyruvate metabolism, and
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glycolysis/gluconeogenesis (5). Thus, the elevated energy metabolism level might be
due to the increased abundance of probiotics after inulin supplementation.

Collectively, our data highlight the impact of inulin supplementation on the profile
of milk microflora and metabolites in SCM cows, which support that the diet could
affect the mammary gland microbiota. In combination with the findings from our pre-
vious study, the alteration of milk microflora in SCM dairy cows after inulin supplemen-
tation was partially similar to that in the ruminal bacterial community, suggesting
the existence of a coregulated microbial community in rumen and milk. Moreover, the
effect of the addition of inulin on milk compositions might be associated with the
ruminal bacterial population and its mediated metabolites, such as propionate. In
the present study, 300 g/day per cow inulin showed a better response to most
detected indicators, which might be attributed to the degradation of inulin in the
rumen (Yue Wang, unpublished data), the changes in the internal environment of
rumen (21), and the cow’s own metabolic adaptation after inulin supplementation. Our
previous study investigated the degradation rate of inulin in the rumen through a
rumen simulation technique. The results showed that after adding more than 1.2% dry
matter (DM) of inulin to the rumen fermentation liquor containing 0.5 g dried total
mixed rations (TMR), the degradation rate of inulin in the rumen significantly
decreased and leveled off (unpublished data). The inulin addition level in the current
study was calculated based on the in vitro study and average dry matter intake (25 kg/
day per cow) of cows. Moreover, elevated numbers of propionate- and butyrate-pro-
ducing bacteria, and the metabolites related to energy and amino acid metabolism,
and suppressed proinflammatory bacteria accompanied by proinflammatory metabo-
lites were observed in the rumen of cows fed 300 g/day inulin (21). However, due to
the variations in milk composition at different time points, further study will be neces-
sary to increase the sampling time to verify the effectiveness of inulin.

Our data suggest that the dietary supplementation of inulin (300 g/day per cow) in cows
with SCM could increase the relative abundance of commensal microflora, including
Lactobacillus, Bifidobacterium, norank_f_Muribaculaceae, Rikenellaceae_RC9_gut_group, etc. and
reduce mastitis-causing pathogens (Escherichia-Shigella, Klebsiella, Staphylococcus, Rhodo-
coccus, etc) as well as potentially proinflammation bacteria (Burkholderia-Caballeronia-
Paraburkholderia and Ralstonia) in milk. Meanwhile, the expression of metabolites related to
anti-inflammatory (PGA1, gamma-tocotrienol, 8-iso-15-keto-PGE2, etc.) and energy metabo-
lism (citric acid, aconitic acid, L-carnitine, beta-p-lactose, etc.) were upregulated, while some
proinflammatory mediators [(+)12,13-DiIHOME, leukotriene E3, 20-carboxy-leukotriene B4,
etc.] and phospholipid metabolites (CDP-DG [18:2(9Z,112)/i-14:0] and PI [18:0/20:3(5Z,8Z,112)])
were downregulated. The improvement of the milk microbiome and metabolite profiling
might be conducive to restoring the loss of milk production and quality during SCM.

MATERIALS AND METHODS

Ethics statement. The experimental animal welfare and ethics protocol of the current trial was
inspected and approved by the Animal Ethics Committee of the Chinese Academy of Agricultural
Sciences (Beijing, China; approval number 1AS-2020-92). The animal management and experimental
operation were in accordance with the academy’s guidelines for animal research.

Animals, diets, experimental design, and feeding regimen. The trial was implemented in a dairy
farm in the suburbs of Beijing for 56 days. A total of 40 dairy cows suffering from SCM (days in
milk = 133 = 2.4 days; parity = 3.38 * 0.32; milk yield = 29.7 + 1.42 kg/day; milk somatic cell counts
[SCC] = 716,000 = 17,500 cells/mL; the results of California mastitis test [CMT] were weakly positive and
positive; no clinical symptoms in udders) were screened and randomly divided into 5 groups (n = 8 per
group). The diagnostic criterion of CMT results was referred to Wang et al. (22). The information of initial
body condition of SCM cows in 5 groups is given in Table S1. The cows were driven to the milking parlor
and milked 3 times per day at 6:30, 12:30, and 20:30 with automatic milking equipment (Afimilk, Israel).
The cows in the 5 groups were offered the same TMR with a concentrate to roughage ratio of 40:60 as
the basal diet. The ingredients and chemical composition of the TMR are shown in Table S2. The TMR
was provided three times a day, at 7:00, 13:00, and 19:00. Cows were housed in individual tie stalls and
given ad libitum access to feed and water.

Inulin used in the present study was derived from the tuber of Jerusalem artichoke, which was pro-
vided by the Langfang Academy of Agriculture and Forestry Sciences (Hebei, China). According to the
additive doses in the different groups, inulin was accurately weighed and pilled in the same size. A 1-m
stainless steel pill propellant gun (Boehringer-Ingelheim, Ingelheim, Germany) was used to supplement
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inulin through the oral cavity to ensure accurate inulin intake of each cow in accordance with the experi-
ment’s requirements. Inulin was given 3 times a day at the time of feeding TMR.

Milk sample collection and analysis. Milk samples were collected on day 1 before inulin supplementa-
tion and day 56 after inulin supplementation. In the last week of the experiment (week 8), the daily milk pro-
duction was recorded for 7 consecutive days using the Afimilk computerized dairy farm management system
(Afimilk, Israel). The average milk yield of each group from the 7 consecutive days represented the milk yield
of that group. Milk samples were collected 3 times at the time of milking on the last day of the trial (day 56).
Two 50-mL milk samples were taken from each cow at a time. The milk samples of each cow collected in the
morning, noon, and afternoon were mixed in a 4:3:3 ratio (64, 65). A piece of potassium dichromate with
0.6 mg/mL as an antiputrefactive was added in one of the composited milk samples of each cow, which was
stored at 4°C for measurement of milk composition, including milk protein, milk fat, milk lactose, and SCC.
Another composited milk sample was divided into three 10-mL sterile centrifugal tubes. One of them was
stored at —20°C for analysis of milk FAs. The other two were store at —80°C for analysis of milk microbiota
and metabolites. The protein, fat, lactose, and SCC in the milk samples were detected by midinfrared spec-
troscopy using MilkoScan Minor device (FOSS, Denmark).

Milk fatty acid assay. Milk FAs were detected by using a gas chromatograph (Agilent 7890A;
Agilent, CA, USA) with a flame ionization detector and external standard method for quantitative analy-
sis. A 2-mL milk sample collected in a 25-mL centrifuge tube with high temperature resistance, which
contained 2.5 mL methanol and 1.25 mL chloroform, and mixed well. After 1 h, the solution was added
to 1.25 mL chloroform, 1.15 mL water, and 0.1 mL 3 mol/L HCI, which was centrifuged at 1,200 x g for
3 min. The bottom solution was dried by anhydrous sodium sulfate and filtered. The filtrate was collected in
a centrifuge tube and blow-dried by nitrogen gas, which was then added to 1 mL toluene and mixed well. A
200-uL sodium hydroxide alcohol solution (0.2 mg NaOH dissolved in methanol) was added into the above-
described solution to methylate the fat. After 25 min, 11 mL methanolized sulfuric acid (2.8 mL 96% sulfuric
acid added to 100 mL methanol) was added and mixed thoroughly. After a water bath for 15 min at 50°C,
the solution was preserved at —20°C for 3 min and then added to 1 mL water and 1 mL n-hexane. After
being mixed well, it was centrifuged at 1,200 x g at room temperature for 3 min. The supernatant (2 uL) was
filtered by a 0.22-um filter membrane for analysis. The gas chromatographic conditions were as follows: the
inlet temperature was 240°C, and the pressure was 266.9 kPa. The initial temperature of the column was
170°C and was kept for 30 min and then increased to 200°C at 1.5/min for 20 min and finally increased to
230°C at 5°C/min for 5 min. Each peak was identified using known FA methyl ester standards, which were
purchased from Sigma-Aldrich (Saint Louis, MO).

Total DNA extraction and PCR amplification. Milk microbiota in SCM cows before and after inulin
supplementation were all analyzed in the current study. The total milk microbial DNA was extracted using a
milk microbial DNA extraction kit (Norgen Biotek, Canada) following the manufacturer’s instructions. A spec-
trophotometer (Orion AquaMate 8000; Thermo Fisher Scientific, Waltham, USA) and 1% agarose gel electro-
phoresis (Beijing Liuyi Biological Technology Co., Ltd., Beijing, China) were used to detect the purity and in-
tegrity of DNA, respectively. The primer regions of PCR amplification were the V3 and V4 regions of the
microbial 16S rRNA gene, with forward and reverse primers being 338F ACTCCTACGGGAGGCAGCAG and
806R GGACTACHVGGGTWTCTAAT. The PCR system was as follows: 4 uL of 5 x FastPfu buffer, 2 uL of
2.5 mM dNTPs (deoxynucleoside triphosphates), 0.8 uL of 5 uM forward primer, 0.8 uL of 5 wM reverse
primer, 0.4 uL of FastPfu polymerase, 0.2 uL of bovine serum albumin (BSA), and 10 ng of template. Double-
distilled water was added to make the total volume 20 uL. The PCR was through the following process: 95°C
for 3 min, 30 cycles of 95°C for 30 s, 50°C for 30 s and 72°C for 45 s and 72°C for 10 min, followed by 10°C
until halted by user. Then, 2% agarose gel electrophoresis (Beijing Liuyi Biological Technology Co., Ltd.),
GenElute PCR extraction kit (Sigma-Aldrich, Saint Louis, MO, USA), and a Quantus fluorometer were used to
perform identify, purify, and quantify the PCR products, respectively.

Amplicon sequencing and bioinformatics analysis for sequencing data. A TargetSeq next-gener-
ation sequencing (NGS) library prep kit (iGeneTech Biotechnology Co., Ltd., Beijing, China) was used to
construct sequencing libraries. Amplicon sequencing was conducted on a Miseq PE300 platform
(Illumina). The raw sequence was quality-controlled using Trimmomatic software (version 0.36). Splicing
of paired-end reads was implemented by FLASh software (https://ccb.jhu.edu/software/FLASH/index
.shtml). Uparse software (version 7.1) was used to conducted operational taxonomic unit (OTU) cluster-
ing. The nonrepetitive sequence was extracted from the optimized sequence (http:/drive5.com/
usearch/manual/dereplication.html). To compare each sample at the same OTU sequence number level,
the sequences of all milk samples were randomly sampled and unified to the minimum sequence num-
ber. After removal of nonrepetitive singletons, the OTU with >97% similarity was clustered. In the pro-
cess of OTU clustering, the chimeras were removed to obtain representative sequences of OTU (63). To
obtain the taxonomic information of each OTU, the Ribosomal Database Project (RDP) classifier Bayesian
algorithm was carried out to perform taxonomic analysis on OTU representative sequences with >97%
similarity (66). Silva (release 132; http://www.arb-silva.de) was used to provide databases of aligned 16S
rRNA sequences. A rarefaction curve and a Venn diagram (http://bioinformatics.psb.ugent.be/webtools/
Venn/) were drawn with the package R. Alpha diversity was analyzed with mothur software (version
1.30.1; https://www.mothur.org/wiki/Download_mothur) to show the richness and diversity of microor-
ganisms. To visualize the degree of similarity and difference of community composition in different sam-
ples, principal-coordinate analysis (PCoA) based on Bray-Curtis analysis and a weighted UniFrac distance
algorithm was conducted using Qiime (version 1.9.1 http://giime.org/install/index.html) (67). SciPy in
Python (version 1.0.0) was used to perform the hierarchical clustering analysis (HCA) on abundances of
bacteria with the top 60 relative abundances in milk samples among 5 groups. The Kruskal-Wallis H test
was used to analyze the significant differential microbiota among multiple groups. The false-discovery
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rate (FDR) been applied in multiple test correction. Further, linear discriminant analysis effect size (LEfSe)
analysis (https://huttenhower.sph.harvard.edu/galaxy/) was conducted to evaluate the influence of these
differential bacteria on the differences among groups.

Milk sample preparation for LC-MS analysis. After thawing and mixing well, an aliquot of 100 uL
of each milk sample was pipetted into a 1.5-mL centrifuge tube with 200 uL of chromatographic-grade
acetonitrile and 200 L of chromatographic-grade methanol (Thermo Fisher Scientific, Waltham, USA),
which were thoroughly vortex-mixed for 30 s and extracted by ultrasonography (SBL-10TD ultrasonic
cleaner; Xinzhi Biotechnology Co., Ltd., Ningbo, China) at 5°C and 40 KHz for 30 min. Further, the sam-
ples were centrifuged for 15 min. After the supernatant was removed, the sediment at the bottom was
blow-dried with N, (JXDC-20 nitrogen purge instrument; Jingxin Industrial Development Co., Ltd.,
Shanghai, China); 60 uL chromatographic-grade acetonitrile and 60 uL purified water (Thermo Fisher
Scientific) were added to redissolve the mixture, and ultrasonic extraction (SBL-10TD ultrasonic cleaner,
Xinzhi Biotechnology Co., Ltd.) was performed at 5°C and 40 KHz for 5 min. Next, the samples were cen-
trifuged at 13,000 x g for 5 min at 4°C, and the supernatant was transferred to an injection vial for LC-
MS analysis. Meanwhile, to assess the repeatability of metabolomics data, the equal-volume samples
were pipetted from any 10 samples and were mixed to make a quality control (QC) sample. A total of 4
QC samples were set in positive and negative ion modes.

LC-MS metabolomic profile processing. The instrument platform for LC-MS analysis was the ultra-
performance liquid chromatography tandem time of flight system mass spectrometry (UPLC-triple TOF
MS; AB SCIEX). A 10-uL amount of each milk sample was separated through a high-strength silica (HSS)
T3 column (100 mm by 2.1 mm inside diameter [i.d.], 1.8 um; Waters, MA, USA) with a flow rate of
0.40 mL/min and column temperature of 40°C. The chromatographic conditions were as follows: mobile
phase A, chromatographic-grade ultrapure water containing 0.1% chromatographically pure formic acid;
mobile phase B, chromatographically pure acetonitrile and isopropanol (1:1) containing 0.1% formic
acid. The separation gradient was as follows: from 0 to3 min, 95 to 80% A, and 5 to 20% B; from 3 to
9 min, 80 to 5% A and 20 to 95% B; from 9 to13 min, 5% A and 95% B was maintained; 5 to 95% A and
95 to 5% B over 13 to 16 min. The MS conditions were as follows: the mass signal was collected through
positive (+) and negative (-) ion scan patterns with a mass scan range of 50 to 1,000 m/z; the ion spray
voltage was 5 kV (+) and 4 kV (-); the declustering potential was 80 V; the heating temperature of the
ion source was 500°C, and the cyclic collision energy was set from 20 to 60 V.

Metabolome data analyses. LC-MS raw data were processed using ProGenesis Qi software (Waters,
MA, USA) for baseline filtering, peak identification, integral pretreatment, retention time correction, and
peak alignment. Finally, a data matrix with retention time, mass to charge ratio (m/z), and peak strength
was obtained. To reduce trial error, the sum normalization method was used to normalize the response
intensity of the sample mass spectrum peak. Meanwhile, the variate with relative standard deviation of
>30% of the QC sample was deleted to get the final data matrix for subsequent analysis.

The MS information was matched with the Human Metabolome Database (HMDB; version 4.0;
http://www.hmdb.ca/) to obtain metabolite information. The ropls package in R (version 1.6.2) was used
for principal-component analysis (PCA) and orthogonal least partial square discriminant analysis (OPLS-
DA). The stability of the model was evaluated by response permutation testing (RPT). The identification
of significantly differential metabolites through pairwise comparison was determined based on the vari-
able importance in projection (VIP) obtained from the OPLS-DA model and the P value of Student’s t
test, which was corrected through FDR. A metabolite with a VIP of >1.5-fold change (FC) >1 or <0.67
and an FDR-adjusted P value of <0.05 was recognized as a significantly differential metabolite. The mul-
tigroup difference significance test used was the Kruskal-Wallis H test. The P value was corrected
through FDR. The metabolic pathways of different metabolites involved were annotated through KEGG
database (https://www.kegg.jp/kegg/pathway.html). SciPy in Python (version 1.0.0) was used to conduct
the pathway enrichment analysis. To depict the ability of different metabolites to differentiate among
groups, a receiver operator characteristic curve (ROC) was plotted with the true-positive rate (sensitivity)
as the ordinate and the false-positive rate (specificity) as the abscissa. The area under the curve (AUC)
was used to measure classification effectiveness. The threshold value of the AUC was from 0 to 1. AUC
values close to 1 indicate a satisfied classifier (68). The ROC analysis was implemented through SPSS
Statistics (version 22.0; IBM). Spearman’s correlation analysis was conducted using the SciPy in Python
(version 1.0.0). The threshold value of correlation coefficient (r) was from —1 to 1. The r < 0 represented
a negative correlation, while r > 0 represented a positive correlation. The absolute value range of r and
the degree of correlation were as follows: 0 to 2 indicated very weak or no correlation, 0.2 to 0.4 indi-
cated weak correlation, 0.4 to 0.6 indicated moderate correlation, 0.6 to 0.8 indicated strong correlation,
and 0.8 to 1.0 indicated extremely strong correlation (8). The significance of correlation was corrected by
FDR, and an FDR-adjusted P value of <0.05 was considered a significant correlation.

Statistical analysis. Data of the initial body condition of SCM cows, milk yield, milk compositions,
milk FAs, and the alpha diversity of milk microbiota were analyzed through one-way analysis of variance
(ANOVA) with SPSS Statistics (version 22.0; IBM). Statistical significance was accepted at a P value of
<0.05; a tendency was accepted at 0.05 < P value < 0.1.

Data availability. The raw sequencing data have been deposited in the Sequence Read Archive at
the National Center for Biotechnology Information database (accession no. PRINA782675).
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