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Simple Summary

Bovine mastitis caused by Escherichia coli is characterized by a rapid inflammatory response
in the mammary gland. RNA m6A methylation is known to participate in gene regulation,
but its involvement in bovine mastitis is not well defined. Here, we examined mammary
tissues collected after different durations of E. coli exposure and combined m6A profiling
with transcriptome analysis. The two exposure groups showed clear differences in both
RNA methylation and gene-expression patterns, particularly in pathways related to inflam-
mation and immunity. These results provide candidate genes and biological processes for
further investigation of m6A-associated regulation in bovine mastitis.

Abstract

Escherichia coli is an important cause of bovine mastitis and induces inflammatory responses
in the mammary gland. N6-methyladenosine (m6A) is an important post-transcriptional
RNA modification involved in gene regulation, but its association with the bovine mam-
mary response to E. coli remains unclear. In this study, a within-cow mammary-quarter
design was used in four clinically healthy Holstein cows, with quarters assigned to saline
control, 12 h E. coli exposure, and 24 h E. coli exposure groups. MeRIP-seq and RNA-seq
were integrated to characterize m6A enrichment and gene expression, with cow identity
accounted for in the differential analyses. Compared with the saline control, 2242 and 1848
differential m6A peaks were identified in the 12 h and 24 h exposure groups, respectively.
RNA-seq identified 591 differentially expressed genes (DEGs) in the 12 h exposure group
and 1287 DEGs in the 24 h exposure group. Integrated analysis identified 264 and 476
differentially m6A peak-gene associations in the 12 h and 24 h exposure groups, respec-
tively. Functional enrichment analysis showed that differential m6A peak-gene associations
were mainly involved in immune and inflammatory processes, including NF-κB, NOD-like
receptor, IL-17, and TNF signaling pathways. The patterns of m6A enrichment and gene
expression differed between the exposure groups, although these differences cannot be
attributed to exposure duration alone because of the staggered inoculation design. These
findings indicate that changes in m6A enrichment are associated with gene expression
during the bovine mammary response to E. coli challenge and provide candidate genes for
further investigation of m6A-related regulation in bovine mastitis.
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1. Introduction
N6-methyladenosine (m6A), first identified in the 1970s, is a widespread post-

transcriptional modification of messenger RNA, non-coding RNA, and viral RNA [1].
Its deposition, removal, and recognition are mediated by writer proteins such as the
METTL3-METTL14 complex [2], erasers such as FTO and ALKBH5 [3], and readers such
as YTH-domain proteins [4]. Through effects on RNA splicing, stability, translation, and
degradation, m6A contributes to embryonic development, metabolic homeostasis, and im-
mune regulation [5,6]. m6A modification is involved in a wide range of biological processes
and has been implicated in the regulation of nervous system function and liver biology
and metabolism [7,8]. Altered m6A regulation has also been reported in inflammatory and
immune-mediated diseases [9,10].

Mastitis is among the most common and costly diseases of dairy cattle. It compromises
animal welfare, milk yield, and milk quality and imposes substantial costs on dairy pro-
duction [11]. Milking practices can also influence susceptibility to intramammary infection
by affecting teat tissue integrity, microbial exposure, and the maintenance of teat canal
defenses [12]. Escherichia coli is a major environmental cause of clinical and subclinical
bovine mastitis [13]. Clinical infection may produce udder swelling and pain, abnormal
milk, fever, anorexia, reduced milk yield, and, in severe cases, death [14–16]. Subclinical
infection is commonly associated with increased milk somatic cell counts and altered in-
flammatory mediator concentrations [17,18]. Some E. coli strains also present a food-safety
concern when contaminated raw milk or dairy products enter the food chain [19].

Escherichia coli can induce a rapid inflammatory response in the mammary gland.
Following recognition of bacterial components by mammary epithelial cells and resident
immune cells, inflammatory signaling promotes cytokine production and leukocyte re-
cruitment to the site of infection [20]. Lipopolysaccharide (LPS), a major component of the
Gram-negative bacterial outer membrane, is an important trigger of this response [21–24].
Although the inflammatory response is essential for bacterial clearance, excessive or pro-
longed activation can contribute to mammary tissue damage. Previous transcriptomic
studies have revealed extensive changes in immune- and inflammation-related gene ex-
pression following intramammary E. coli challenge, providing important insights into
the transcriptional response of the bovine mammary gland. However, it remains unclear
how m6A enrichment changes in bovine mammary tissue following E. coli challenge and
whether these changes are associated with the accompanying transcriptional response.

The bovine udder contains four anatomically separate mammary quarters, allowing
quarters within the same cow to serve as experimental units in intramammary challenge
studies [25]. Quarter-level health status and inflammatory stimulation can affect milk
composition [26,27], while persistent inflammation can damage mammary lobules and
ducts and impair lactation [28]. Based on this anatomical organization, a within-cow
mammary-quarter design was used in the present study. We combined MeRIP-seq and
RNA-seq to characterize m6A methylation and transcriptomic profiles in saline-treated
control quarters and quarters exposed to E. coli for 12 or 24 h. By integrating differential
m6A methylation with gene expression profiles, we aimed to identify candidate genes and
biological processes associated with the bovine mammary response to E. coli challenge.
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2. Materials and Methods
2.1. Experimental Animal Selection and Management

Four clinically healthy, second-parity Holstein cows, each 4 years old and at
130–180 days in milk (DIM), were selected from a dairy farm in Xuzhou, Jiangsu Province,
China. Daily milk yield on the day before challenge ranged from 17.2 to 22.9 kg/cow/day.
The farm maintained individual health records for all cows, which were reviewed for the
2 months preceding the experiment. Quarter milk samples were collected separately, and
only mammary quarters with SCC <200,000 cells/mL were included in the experiment.
Beginning 1 week before challenge, milk somatic cell count (SCC) was measured daily to
further assess mammary health. Somatic cell score (SCS) was calculated from somatic cell
count (SCC) according to the following transformation:

SCS = log2(SCC/100,000) + 3

Rectal temperature was measured at −24, −12, 0, 6, 12, and 24 h relative to the initial
Escherichia coli inoculation to monitor the clinical response. Cows were housed individually
under standardized management conditions.

2.2. Escherichia coli Preparation and Intramammary Inoculation

Escherichia coli ATCC 25922 (CGMCC 1.2385) was obtained from the China General
Microbiological Culture Collection Center (CGMCC, Beijing, China). ATCC 25922 was
selected as a well-characterized reference strain to provide a standardized and reproducible
bacterial challenge. A similar intramammary challenge model using E. coli ATCC 25922
has previously been established in dairy cows [29]. The lyophilized strain was rehydrated
and streaked onto solid medium. The viable bacterial concentration was determined by
serial dilution, plating, incubation, and colony counting. The bacterial suspension was
adjusted to 1 × 105 CFU/mL based on the colony counts. Each challenged mammary
quarter received 5 mL of the bacterial suspension, corresponding to a total inoculum of
5 × 105 CFU per quarter. Before inoculation, residual milk was completely removed from
the designated mammary quarters. The udder surface was rinsed with warm water and
disinfected three times with cotton balls soaked in 75% ethanol. Subsequent procedures
were performed after the ethanol had evaporated. Five milliliters of the E. coli suspension
(1 × 105 CFU/mL) was administered through the teat canal using a needle-free syringe.
Following inoculation, the udder was gently massaged for 10 min to facilitate distribution
of the bacterial suspension within the mammary gland.

2.3. Experimental Design and Sample Collection

A within-animal mammary-quarter design was used. The four mammary quarters
of each cow were assigned to a 24 h E. coli challenge, a 12 h E. coli challenge, a sterile
saline control, and an untreated control (Figure 1). Treatment positions were balanced
across cows such that each treatment occurred once at each mammary-quarter position.
No formal randomization procedure was used. At 0 h, one quarter was inoculated with E.
coli and another received sterile saline; at 12 h, a third quarter was inoculated with E. coli,
while the remaining quarter was left untreated. Mammary tissues from all four quarters
were collected at the common 24 h endpoint. Thus, quarters inoculated at 0 and 12 h
represented the 24 h and 12 h exposure groups, respectively. The saline-treated quarters
were used as the sequencing control because they underwent the same intramammary
administration procedure as the challenged quarters but without bacterial exposure. The
untreated quarters served as an additional reference for baseline mammary status but were
not included in the sequencing analysis.
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Figure 1. Experimental design and mammary-quarter treatment allocation. LF, left fore quarter; RF,
right fore quarter; LH, left hind quarter; RH, right hind quarter.

Mammary tissue samples were collected from a region adjacent to the teat at the
common 24 h experimental endpoint. After incision through the skin, subcutaneous tissue,
and mammary gland capsule, approximately 1 g of mammary parenchymal tissue was
collected from each quarter. Approximately 2 h before mammary tissue collection, the cows
were sedated with xylazine (20 µg/kg, intravenously). Before biopsy, 3 mL of lidocaine
hydrochloride was infiltrated locally above the biopsy site to provide local anesthesia.
Tissue samples for molecular analyses were immediately frozen in liquid nitrogen, whereas
samples for histological examination were immediately placed in fixative. Yunnan Baiyao
was applied for hemostasis after tissue collection, and the cows received intravenous
antibiotic treatment once daily for 1 week.

2.4. RNA Extraction and MeRIP-Seq

Total RNA was extracted from mammary tissue using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). RNA concentration and purity were measured using a NanoDrop ND-
1000 (NanoDrop Technologies, Wilmington, DE, USA), and RNA integrity was assessed
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Samples
with RIN > 7.0, OD260/280 > 1.8, RNA concentration > 50 ng/µL, and total RNA > 1 µg
were used for library preparation. Total RNA was fragmented at 94 ◦C for 5 min using the
NEBNext Magnesium RNA Fragmentation Module (New England Biolabs, Ipswich, MA,
USA; Cat. No. E6150S). Fragmented RNA from each biological sample was divided into
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matched IP and input fractions. For m6A immunoprecipitation, an m6A-specific antibody
(Synaptic Systems GmbH, Göttingen, Germany; Cat. No. 202003) coupled to Dynabeads
using the Dynabeads Antibody Coupling Kit (Invitrogen, Carlsbad, CA, USA) was used to
enrich m6A-containing RNA fragments. The matched input fraction was retained without
immunoprecipitation and processed in parallel for library preparation. Libraries generated
from the matched IP and input fractions were sequenced on an Illumina NovaSeq 6000
platform (Illumina, Inc., San Diego, CA, USA) using 150-bp paired-end sequencing.

2.5. Bioinformatics Analysis

Raw reads were quality filtered using fastp (v0.19.4) and aligned to the Bos taurus
reference genome ARS-UCD2.0 (RefSeq accession: GCF_002263795.3) using HISAT2 (v2.2.1),
allowing up to 20 alignments per read and a maximum of two mismatches. For MeRIP-seq
analysis, m6A peaks and differential m6A peaks were identified using the exomePeak
R/Bioconductor package. Peak annotation was performed using ANNOVAR (https://
annovar.openbioinformatics.org), and motif analysis was conducted using HOMER (v4.1)
with the parameters -size 200 and -len 5, 8, 10. For RNA-seq analysis, gene expression was
quantified using StringTie (v2.1.2), and DEGs were identified using DESeq2. For both RNA-
seq and MeRIP-seq differential analyses, cow identity was included as a blocking factor to
account for the paired within-cow experimental design. For MeRIP-seq, IP enrichment was
evaluated relative to the corresponding input from the same biological sample. Differential
m6A peaks and DEGs with |log2FC| ≥1 and FDR <0.05 were considered significant. For
the integrated analysis, differential m6A peaks were assigned to genes according to their
genomic annotation and intersected with the corresponding DEG lists. Each differential
peak–gene pair was retained as an individual association. Thus, genes associated with
multiple differential m6A peaks could contribute more than one association, and peaks
with opposite directions of m6A enrichment were classified separately according to their
respective log2FC values. Associations were categorized as Hyper-Up, Hyper-Down,
Hypo-Up, or Hypo-Down according to the direction of differential m6A enrichment and
gene expression.

For peak-associated functional enrichment analyses, genes associated with multiple
differential m6A peaks were counted once. GO and KEGG enrichment analyses were per-
formed using a hypergeometric test against the genome-wide annotated gene background.
p values were adjusted for multiple testing, and terms or pathways with FDR < 0.05 were
considered significantly enriched. The top significantly enriched GO terms or KEGG
pathways ranked by FDR were selected for visualization.

2.6. Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)

Total RNA was reverse-transcribed into cDNA using HiScript Reverse Transcriptase
(Vazyme Biotech Co., Ltd., Nanjing, China). Based on the mRNA sequences of the target
genes and the bovine reference gene GAPDH retrieved from the NCBI database, RT-qPCR
primers were designed using Primer Premier 6 software. RT-qPCR was performed using
SupRealQ Ultra SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China) on
an Applied Biosystems QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). All primers were synthesized by Tsingke Biotechnology Co., Ltd.
(Beijing, China). Each biological sample was analyzed in 3 technical replicates. GAPDH
was used as the reference gene. GAPDH Ct values showed limited variation across the ex-
perimental conditions, supporting its use as an internal reference. Relative gene expression
was calculated using the 2−∆∆Ct method. Detailed information of the primers is listed in
Table 1.
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Table 1. Primer sequences.

Gene NCBI
Accession No. Primer Sequence (5′–3′) Product Size (bp)

IL6 NM_173923.2 F: ATCCTGAAGCAAAAGATCGCAG
R: AATCATGGGAGCCCCAGCTA 188

CXCL8 NM_173925.2 F: AACGAGGTCTGCCTAAACCC
R: TCTTGCTTCTCAGCTCTCTTCA 80

TNF-α NM_173966.3 F: ATTAGGGATGTAGGGAAGTGAGG
R: CAAGGAATGTTGCGAAGTGTT 175

GAPDH NM_001034034.2 F: AAGGTCGGAGTGAACGGATTC
R: ATGGCGACGATGTCCACTTT 86

2.7. Histopathological Examination

Mammary tissue samples were fixed, sectioned, and stained with hematoxylin and
eosin (H&E) by Wuhan Servicebio Technology Co., Ltd. (Wuhan, China). Histopathological
changes in mammary tissue were subsequently examined by light microscopy.

2.8. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 10.5.0 (673) (Graph-
Pad Software, Boston, MA, USA). Data are presented as mean ± SEM. SCS was calculated
as SCS = log2(SCC/100,000) + 3. SCS in untreated and saline-treated quarters was analyzed
using two-way repeated-measures ANOVA followed by Šídák’s multiple-comparisons
test. SCS in the 12 h E. coli group was analyzed using a paired t-test, whereas SCS in the
24 h E. coli group and rectal temperature were analyzed using one-way repeated-measures
ANOVA followed by Dunnett’s multiple-comparisons test, with 0 h as the reference. Cow
identity was used as the matching factor in the repeated-measures analyses. RT-qPCR rela-
tive expression values calculated using the 2−∆∆Ct method were analyzed using one-way
repeated-measures ANOVA followed by Dunnett’s multiple-comparisons test, with cow
identity used as the matching factor. Differences were considered significant at p < 0.05.

3. Results
3.1. Establishment of an Escherichia coli-Induced Bovine Mastitis Model

No significant differences in SCS were observed between the untreated and saline-
treated quarters at 0, 12, or 24 h (Figure 2A). In the E. coli_12 group, SCS increased
significantly at 12 h after inoculation compared with the pre-inoculation level (p < 0.001).
In the E. coli_24 group, SCS was also significantly increased at 12 and 24 h after inoculation
(p < 0.01 and p < 0.05, respectively).

Rectal temperature increased following E. coli challenge, with significant increases
observed at 6, 12, and 24 h compared with 0 h (Figure 2B). Histological examination showed
relatively intact mammary tissue structure in the untreated and saline groups, whereas
inflammatory cell infiltration and tissue structural alterations were observed following
E. coli challenge (Figure 2C). These histopathological changes were evident in both the E.
coli_12 and E. coli_24 groups.

RT-qPCR analysis further showed that the mRNA expression levels of IL-6, CXCL8,
and TNF-α were significantly increased following E. coli challenge compared with the saline
group (Figure 2D). Collectively, these results confirmed that intramammary E. coli challenge
induced a clear inflammatory response in the mammary gland.
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Figure 2. Inflammatory and histopathological responses following intramammary Escherichia coli
challenge. (A) Somatic cell score (SCS) in untreated, saline-treated, and E. coli-challenged mammary
quarters. (B) Rectal temperature before and after E. coli challenge. (C) Representative H&E-stained
sections of mammary tissues from the untreated, saline, E. coli_12, and E. coli_24 groups. (D) Relative
mRNA expression of IL-6, CXCL8, and TNF-α in mammary tissues. Data are presented as mean ±
SEM. ns, p ≥ 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

3.2. Sequencing Quality Assessment

A total of 24 libraries, including 12 input libraries and 12 m6A-immunoprecipitated (IP)
libraries, were constructed and sequenced. The 150-bp paired-end sequencing generated
34.12–52.21 million raw reads per library, corresponding to 5.12–7.83 Gb of raw data. After
quality filtering, 33.07–50.54 million valid reads were retained per library, with valid data
yields ranging from 4.56 to 7.03 Gb. The proportion of valid bases ranged from 81.93%
to 93.27%. Across all libraries, Q20 and Q30 values ranged from 97.76% to 98.65% and
from 94.45% to 96.08%, respectively, while GC content ranged from 50.50% to 56.96%
(Table 2). These results indicated consistently high sequencing quality across the libraries
and provided suitable data for subsequent analyses.

Table 2. Statistics of bases/reads information before and after filtration.

Sample_ID Raw_Reads Raw_Bases Valid_Reads Valid_Bases Valid% Q20% Q30% GC%

Saline_1_IP 391,52316 5.87G 379,43752 5.48G 93.23 98.57 95.81 51.72
Saline_2_IP 367,30492 5.51G 353,15676 4.90G 89.02 98.25 95.39 53.78
Saline_3_IP 416,92282 6.25G 404,84616 5.71G 91.32 98.38 95.38 52.87
Saline_4_IP 493,08754 7.40G 474,59612 6.74G 91.15 98.31 95.38 53.86

E. coli_12_1_IP 460,58042 6.91G 444,86264 6.19G 89.66 98.50 95.79 50.50
E. coli_12_2_IP 509,23250 7.64G 492,01810 6.88G 90.02 98.47 95.59 52.58
E. coli_12_3_IP 522,05174 7.83G 505,40354 7.03G 89.73 98.52 95.76 51.78
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Table 2. Cont.

Sample_ID Raw_Reads Raw_Bases Valid_Reads Valid_Bases Valid% Q20% Q30% GC%

E. coli_12_4_IP 425,55816 6.38G 410,89704 5.78G 90.52 98.46 95.58 52.60
E. coli_24_1_IP 355,56096 5.33G 343,52082 4.79G 89.87 98.42 95.71 53.66
E. coli_24_2_IP 389,93420 5.85G 379,35246 5.46G 93.27 98.65 96.08 52.10
E. coli_24_3_IP 341,16362 5.12G 330,66670 4.65G 90.80 98.56 95.87 51.69
E. coli_24_4_IP 381,05994 5.72G 369,50666 5.18G 90.69 98.56 96.02 53.69
Saline_1_input 404,23032 6.06G 384,20552 5.36G 88.37 97.98 94.65 55.34
Saline_2_input 359,94284 5.40G 343,03868 4.56G 84.37 97.83 94.48 56.20
Saline_3_input 415,74066 6.24G 395,65606 5.37G 86.18 97.89 94.53 55.98
Saline_4_input 400,27698 6.00G 383,14254 5.11G 85.06 98.01 94.81 56.51

E. coli_12_1_input 414,78258 6.22G 395,60984 5.10G 81.93 97.76 94.45 56.96
E. coli_12_2_input 420,70292 6.31G 402,62094 5.50G 87.20 98.08 94.82 55.23
E. coli_12_3_input 385,66588 5.78G 368,39786 5.03G 86.96 98.05 94.79 55.71
E. coli_12_4_input 454,61978 6.82G 433,52904 5.84G 85.65 98.02 94.69 55.22
E. coli_24_1_input 356.19288 5.34G 342,66026 4.59G 85.99 98.14 95.17 55.21
E. coli_24_2_input 419,65256 6.29G 402,26028 5.49G 87.14 98.11 94.96 55.43
E. coli_24_3_input 503,64652 7.55G 478,94480 6.54G 86.63 97.91 94.58 55.48
E. coli_24_4_input 421,86330 6.33G 404,47640 5.54G 87.52 98.17 95.10 55.47

3.3. Reference Genomic Alignment

Quality-filtered reads were aligned to the bovine reference genome (ARS-UCD2.0).
Across the 24 libraries, 75.75–88.85% of valid reads were mapped to the reference genome,
of which 69.84–83.77% were uniquely mapped, while 4.01–11.14% were mapped to multiple
genomic locations (Table 3). Most mapped reads were assigned to exonic regions, whereas
smaller proportions were mapped to intronic and intergenic regions (Figure 3).

Table 3. Alignment of bovine reference genome statistics.

Sample_ID Valid Reads Mapped Reads Unique Mapped
Reads

Multi Mapped
Reads

Saline_1_IP 376,43966 330,89631 (87.90%) 315,34869 (83.77%) 15,54762 (4.13%)
Saline_2_IP 351,22150 266,05070 (75.75%) 245,30573 (69.84%) 20,74497 (5.91%)
Saline_3_IP 401,84438 332l43897 (82.73%) 311,47198 (77.51%) 20,96699 (5.22%)
Saline_4_IP 471,47308 393,78128 (83.52%) 367,07367 (77.86%) 26,70761 (5.66%)

E. coli_12_1_IP 440,48376 379,96521 (86.26%) 359,70705 (81.66%) 20,25816 (4.60%)
E. coli_12_2_IP 489,98256 424,17886 (86.57%) 403,69557 (82.39%) 20,48329 (4.18%)
E. coli_12_3_IP 502,22062 435,91135 (86.80%) 412,76284 (82.19%) 23,14851 (4.61%)
E. coli_12_4_IP 408,50890 359,25461 (87.94%) 338,05073 (82.75%) 21,20388 (5.19%)
E. coli_24_1_IP 341,71440 265,93167 (77.82%) 249,83840 (73.11%) 16,09327 (4.71%)
E. coli_24_2_IP 376,24782 322,49402 (85.71%) 307,41124 (81.70%) 15,08278 (4.01%)
E. coli_24_3_IP 326,93174 285,91739 (87.45%) 268,77599 (82.21%) 17,14140 (5.24%)
E. coli_24_4_IP 367,68908 316,75697 (86.15%) 299,65970 (81.50%) 17,09727 (4.65%)
Saline_1_input 378,71010 335,05331 (88.47%) 303,28562 (80.08%) 31,76769 (8.39%)
Saline_2_input 338,53804 288,92045 (85.34%) 252,75447 (74.66%) 36,16598 (10.68%)
Saline_3_input 389,49650 335,14704 (86.05%) 297,03790 (76.26%) 38,10914 (9.78%)
Saline_4_input 377,83762 325,89462 (86.25%) 283,79330 (75.11%) 42,10132 (11.14%)

E. coli_12_1_input 390,94348 329,44577 (84.27%) 288,51511 (73.80%) 40,93066 (10.47%)
E. coli_12_2_input 397,91142 350,82453 (88.17%) 317,59657 (79.82%) 33,22796 (8.35%)
E. coli_12_3_input 363,29792 319,61914 (87.98%) 286,08563 (78.75%) 33,53351 (9.23%)
E. coli_12_4_input 428,91850 375,94789 (87.65%) 338,90409 (79.01%) 37,04380 (8.64%)
E. coli_24_1_input 339,44454 295,46854 (87.04%) 264,69981 (77.98%) 30,76873 (9.06%)
E. coli_24_2_input 398,62286 350,30155 (87.88%) 315,15645 (79.06%) 35,14510 (8.82%)
E. coli_24_3_input 474,09392 415,43095 (87.63%) 373,53594 (78.79%) 41,89501 (8.84%)
E. coli_24_4_input 400,21236 355,58367 (88.85%) 318,17890 (79.50%) 37,40477 (9.35%)
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Figure 3. Genomic distribution of MeRIP-seq reads. The proportions of reads mapped to exonic,
intronic, and intergenic regions in each sequencing library are shown as a 100% stacked bar chart.

3.4. Distribution of m6A Peaks Across Transcript Regions

The distribution of identified m6A peaks across transcript regions was examined in
the Saline, E. coli_12, and E. coli_24 groups. A similar overall distribution pattern was
observed among the three groups. The largest proportion of m6A peaks was located in the
CDS (38.0–41.5%), followed by the stop-codon region (25.0–26.3%) and 3′UTR (18.2–19.1%),
whereas relatively smaller proportions were located in the start-codon region (10.2–12.6%)
and 5′UTR (4.0–5.0%) (Figure 4A–C). The density profiles also showed a broadly similar
distribution pattern across transcript regions among the three groups (Figure 4D).

Figure 4. Distribution of m6A peaks across transcript regions. (A–C) Proportional distribution of
identified m6A peaks across the 5′UTR, start codon, CDS, stop codon, and 3′UTR regions in the
Saline, E. coli_12, and E. coli_24 groups, respectively. (D) Density distribution of m6A peaks across
transcript regions in the three groups.

https://doi.org/10.3390/vetsci13111192

https://doi.org/10.3390/vetsci13111192


Vet. Sci. 2026, 13, 1192 10 of 19

3.5. Differential m6A Peaks Analysis

Differential m6A enrichment was analyzed using a threshold of |log2FC| ≥ 1 and
FDR < 0.05. Compared with the Saline group, 2242 differential m6A peaks were identified
in the E. coli_12 group, including 1543 hyper-enriched and 699 hypo-enriched peaks
(Figure 5A). In the E. coli_24 versus Saline comparison, 1848 differential peaks were
identified, comprising 1255 hyper-enriched and 593 hypo-enriched peaks (Figure 5B).
Comparison of the E. coli_12 and E. coli_24 groups identified 3826 differential peaks,
including 1848 hyper-enriched and 1978 hypo-enriched peaks (Figure 5C). The top five
hyper-enriched and top five hypo-enriched peaks for each comparison are summarized in
Tables 4–6.

Figure 5. Volcano plots of differential m6A enrichment among the experimental groups. (A) E.
coli_12 vs. Saline. (B) E. coli_24 vs. Saline. (C) E. coli_12 vs. E. coli_24. Red and blue points indicate
hyper-enriched and hypo-enriched m6A peaks, respectively, whereas gray points indicate peaks that
did not meet the significance criteria.

Table 4. Top 10 differential m6A peaks in E. coli_12 vs. Saline.

Gene Chromosome Peak Region log2FC FDR (q Value) Regulation

CYP3A4 chr25 stop_codon 6.982 4.84 × 10−17 Hyper
ODAM chr6 exonic 6.935 1.30 × 10−9 Hyper

PGLYRP2 chr7 exonic 6.674 1.92 × 10−11 Hyper
TNIP3 chr17 3′UTR 6.436 6.21 × 10−7 Hyper

SLC6A14 X exonic 6.111 1.40 × 10−11 Hyper
SCN3B chr15 3′UTR −5.515 1.82 × 10−6 Hypo
LRRC66 chr6 exonic −4.544 1.13 × 10−4 Hypo
ZNF449 X exonic −4.438 1.75 × 10−4 Hypo

FUT6 chr7 3′UTR −4.321 1.28 × 10−10 Hypo
ILDR2 chr3 3′UTR −4.226 3.51 × 10−4 Hypo

Table 5. Top 10 differential m6A peaks in the E. coli_24 vs. Saline comparison.

Gene Chromosome Peak Region log2FC FDR (q Value) Regulation

SLITRK5 chr12 exonic 5.053 6.32 × 10−5 Hyper
ALDH1B1 chr8 exonic 4.867 3.96 × 10−5 Hyper
ZSCAN30 chr24 exonic 4.572 1.50 × 10−4 Hyper

RSPO3 chr9 stop_codon 4.406 1.74 × 10−12 Hyper
AMOTL1 chr15 5′UTR 4.242 4.81 × 10−4 Hyper

ENSBTAG00000049346 chr18 exonic −4.249 3.29 × 10−4 Hypo
LRRC66 chr6 exonic −4.125 4.74 × 10−4 Hypo

IL4I1 chr18 exonic −3.941 3.55 × 10−6 Hypo
ENSBTAG00000049888 chr15 ncRNA_exonic −3.707 9.14 × 10−4 Hypo

TNFSF18 chr16 stop_codon −3.612 6.57 × 10−8 Hypo
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Table 6. Top 10 differential m6A peaks in the E. coli_12 vs. E. coli_24 comparison.

Gene Chromosome Peak Region log2FC FDR (q Value) Regulation

PGLYRP2 chr7 exonic 14.554 9.91 × 10−57 Hyper
ENSBTAG00000054882 chr24 exonic 13.381 2.41 × 10−27 Hyper

KLK10 chr18 3′UTR 10.606 2.95 × 10−15 Hyper
PSORS1C2 chr23 exonic 9.404 4.62 × 10−31 Hyper

TNIP3 chr17 exonic 9.257 5.02 × 10−258 Hyper
RSPO3 chr9 stop_codon −7.923 5.43 × 10−42 Hypo
RSPO3 chr9 3′UTR −7.054 1.09 × 10−41 Hypo
IGSF10 chr1 exonic −6.137 4.82 × 10−16 Hypo
PLIN4 chr7 exonic −6.123 1.61 × 10−10 Hypo
BCHE chr1 exonic −6.011 9.76 × 10−11 Hypo

3.6. Functional Enrichment Analysis of Differential Peaks

GO enrichment analysis showed that genes associated with differential m6A peaks
were mainly enriched in biological processes related to inflammatory and immune re-
sponses, cytokine production, cell adhesion, and signal transduction (Figure 6). KEGG
analysis further revealed significant enrichment of several inflammation- and immune-
related pathways, including the NF-κB, TNF, MAPK, chemokine, and NOD-like receptor
signaling pathways (Figure 7). Overall, these results indicate that differential m6A en-
richment following E. coli challenge was primarily associated with inflammatory and
immune-related biological processes and signaling pathways.

Figure 6. GO biological process enrichment analysis of genes associated with differential m6A peaks.
(A) E. coli_12 vs. Saline. (B) E. coli_24 vs. Saline. (C) E. coli_12 vs. E. coli_24. Only significantly
enriched GO terms with FDR <0.05 are shown.

Figure 7. KEGG pathway enrichment analysis of genes associated with differential m6A peaks. (A) E.
coli_12 vs. Saline. (B) E. coli_24 vs. Saline. (C) E. coli_12 vs. E. coli_24. Only significantly enriched
KEGG pathways with FDR <0.05 are shown.
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3.7. Motif Analysis

Motif enrichment analysis identified several significantly enriched sequence motifs
within m6A peak regions in the Saline, E. coli_12, and E. coli_24 groups (Figure 8). The top
five motifs in each group showed strong enrichment. Several similar sequence patterns
were observed across the three groups, suggesting shared sequence characteristics of
m6A-enriched regions.

Figure 8. The top five enriched sequence motifs identified within m6A peak regions in the
Saline (A), E. coli_12 (B), and E. coli_24 (C) groups are shown. Motifs were ranked according to
enrichment significance.

3.8. RNA-Seq Analysis

Differentially expressed genes (DEGs) were identified using the criteria of |log2FC| ≥ 1
and FDR < 0.05. Compared with the saline group, 591 DEGs were identified in the E.
coli_12 group, including 425 upregulated and 166 downregulated genes (Figure 9). In
the E. coli_24 group, 1287 DEGs were identified compared with the saline group, of
which 717 were upregulated and 570 were downregulated. Comparison between the E.
coli_12 and E. coli_24 groups identified 554 DEGs, including 317 upregulated and 237
downregulated genes (Figure 9). PCA and sample correlation analyses were performed to
evaluate the overall similarity and variation among the RNA-seq samples. The samples
showed generally high correlations, while PCA revealed both treatment-related variation
and inter-individual variation among cows (Figure S1).

Figure 9. Volcano plots of differentially expressed genes (DEGs) in the three comparison groups.
(A) E. coli_12 vs. Saline. (B) E. coli_24 vs. Saline. (C) E. coli_12 vs. E. coli_24.

GO enrichment analysis showed that differentially expressed genes (DEGs) were
mainly enriched in biological processes related to immune and inflammatory responses,
neutrophil chemotaxis, cell migration, and responses to bacterial stimuli (Figure 10). KEGG
analysis further revealed significant enrichment of inflammation- and immune-related
pathways, including cytokine–cytokine receptor interaction, chemokine, IL-17, NOD-like
receptor, NF-κB, and TNF signaling pathways (Figure 11). These results indicate that the
transcriptional response to E. coli challenge was predominantly associated with inflamma-
tory and innate immune processes.
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Figure 10. GO biological process enrichment analysis of differentially expressed genes. (A) E. coli_12
vs. Saline. (B) E. coli_24 vs. Saline. (C) E. coli_12 vs. E. coli_24. Only significantly enriched GO terms
with FDR <0.05 are shown.

Figure 11. KEGG pathway enrichment analysis of differentially expressed genes. (A) E. coli_12 vs.
Saline. (B) E. coli_24 vs. Saline. (C) E. coli_12 vs. E. coli_24. Only significantly enriched KEGG
pathways with FDR <0.05 are shown.

3.9. Integrated Analysis of MeRIP-Seq and RNA-Seq

Integrated analysis of MeRIP-seq and RNA-seq data was performed to examine the
association between m6A enrichment and gene expression (Figure 12). In E. coli_12 ver-
sus Saline, 264 differentially m6A peak-gene associations were identified, predominantly
Hyper-Up pairs (192). In E. coli_24 versus Saline, 476 differential m6A peak-gene associa-
tions were identified, mainly Hyper-Down (280) and Hypo-Up (190). In E. coli_12 versus E.
coli_24, 459 differential m6A peak-gene associations were identified, consisting primarily
of Hypo-Up (234) and Hyper-Down (225) pairs.

GO enrichment analysis showed differential m6A peak-gene associations were mainly
enriched in immune and inflammatory responses, neutrophil chemotaxis, chemotaxis,
extracellular matrix organization, and responses to bacterial stimuli (Figure 13). KEGG
analysis further showed enrichment in inflammation- and immune-related pathways,
including IL-17, NF-κB, chemokine, cytokine–cytokine receptor interaction, NOD-like
receptor, and TNF signaling pathways (Figure 14).
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Figure 12. Integrated analysis of differential m6A methylation and gene expression. (A–C) Overlap of
genes with significant changes in both m6A modification and gene expression in the three comparison
groups, respectively.

Figure 13. GO biological process enrichment analysis of differential m6A peak-gene associations.
(A) E. coli_12 vs. Saline. (B) E. coli_24 vs. Saline. (C) E. coli_12 vs. E. coli_24. Only significantly
enriched GO terms with FDR <0.05 are shown.

Figure 14. KEGG pathway enrichment analysis of differential m6A peak-gene associations. (A) E.
coli_12 vs. Saline. (B) E. coli_24 vs. Saline. (C) E. coli_12 vs. E. coli_24. Only significantly enriched
KEGG pathways with FDR <0.05 are shown.

4. Discussion
N6-methyladenosine (m6A) is an important RNA modification involved in post-

transcriptional regulation and has been associated with inflammatory and immune re-
sponses [4–8]. In this study, MeRIP-seq and RNA-seq were used to characterize m6A
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methylation and gene expression in bovine mammary tissues following intramammary
Escherichia coli challenge. Changes in both m6A methylation and gene expression were
observed after challenge, and the 12 h and 24 h exposure groups showed different response
patterns. However, because a staggered within-cow inoculation design was used, differ-
ences between the two exposure groups may be related not only to local exposure duration
but also to prior systemic inflammatory exposure.

RNA-seq analysis showed differences between the 12 h and 24 h exposure groups.
Many of the DEGs were related to inflammatory and immune responses. GO and KEGG
analyses showed enrichment of neutrophil chemotaxis, cytokine-mediated signaling, and
NOD-like receptor signaling. These processes have also been reported in E. coli-induced
bovine mastitis [30–32]. Neutrophil recruitment is an important part of the early mammary
response to E. coli infection and contributes to bacterial clearance [20,33,34]. The number
and functional distribution of DEGs differed between the two exposure groups. However,
these differences may be related to both local exposure duration and the systemic effects of
the staggered inoculation design.

Functional enrichment analysis showed that differential m6A peaks were involved
in several immune- and inflammation-related processes. GO terms related to the extra-
cellular region and extracellular space were enriched in multiple comparisons, together
with terms associated with chemokine activity and immune responses. KEGG analysis
identified cytokine–cytokine receptor interaction, NOD-like receptor, IL-17, TNF, MAPK,
and NF-κB signaling pathways, several of which have previously been linked to bovine
mastitis [20,35,36]. The enrichment of these pathways suggests that changes in m6A methy-
lation occurred in genes related to the mammary immune response to E. coli. However,
these results show functional associations and do not provide direct evidence that m6A
methylation regulates the activity of these pathways.

Consistent with previous studies, m6A peaks were mainly distributed in CDS re-
gions and around stop codons, and similar sequence motifs were found across the three
groups [2–5]. Integration of MeRIP-seq and RNA-seq further identified genes showing
both differential m6A enrichment and differential gene expression. Differential MeRIP en-
richment was interpreted relative to matched input abundance, considering the limitations
of distinguishing methylation changes from expression changes described by McIntyre
et al. [37]. The integrated results showed that changes in m6A enrichment were accom-
panied by changes in transcript abundance in a subset of inflammation-related genes.
However, the direction of these changes was not uniform across genes or comparisons,
indicating that the relationship between m6A enrichment and gene expression may be
context dependent. Therefore, the present data support an association between m6A enrich-
ment and transcriptional responses rather than a direct regulatory relationship. Moreover,
differences in enrichment profiles between separate comparisons should not be interpreted
as statistically significant differences between exposure groups.

Several inflammation-related genes showed changes in both m6A enrichment and gene
expression. In the 12 h exposure group, CXCL8, IL1B, and TNFAIP3 showed increased m6A
enrichment together with increased gene expression. In contrast, TNF, TLR2, and NFKBIA
showed reduced m6A enrichment but increased gene expression in the 24 h exposure group.
These genes are involved in inflammatory and innate immune responses and have been
associated with the mammary response to bacterial infection [38–43]. The different patterns
observed between m6A enrichment and gene expression indicate that their relationship may
vary among genes and exposure groups. Further validation is needed to determine whether
the observed m6A changes are related to the expression of these genes during mammary
inflammation. Recent studies in ruminants further indicate that inflammatory responses
are accompanied by coordinated changes across multiple biological processes. In goats,
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modulation of inflammatory cytokines has been associated with changes in antioxidant
status and rumen microbial composition [44]. Moreover, an integrated multi-omics study
demonstrated coordinated alterations in inflammatory responses, microbial composition,
and host metabolic pathways [45]. These findings highlight the value of integrating multiple
molecular layers when investigating inflammatory responses in ruminants. In the present
study, the integration of MeRIP-seq and RNA-seq similarly provided complementary
information on changes in m6A enrichment and transcript abundance. Nevertheless,
functional experiments are required to determine whether these molecular changes are
mechanistically linked.

This study has several limitations. The staggered within-cow inoculation design may
have resulted in systemic pre-exposure and order effects, and responses induced in the
challenged quarters may also have influenced the control quarters. Differences between
the 12 h and 24 h exposure groups therefore cannot be explained by exposure duration
alone. The experiment was conducted in four cows using a laboratory reference strain
of E. coli, which may not fully represent naturally occurring mastitis. Although the cows
were clinically healthy and mammary-quarter SCC was monitored before challenge, pre-
challenge bacteriological culture was not performed. In addition, the changes in m6A
enrichment identified by MeRIP-seq were not further validated by MeRIP-qPCR. These
limitations should be taken into account when interpreting the results.

5. Conclusions
This study characterized m6A enrichment and transcriptomic responses in bovine

mammary tissue following intramammary E. coli challenge using a within-cow mammary-
quarter design. After accounting for cow identity, differential m6A enrichment and gene
expression were identified in both the 12 h and 24 h exposure groups compared with the
saline control, with immune- and inflammation-related biological processes represented
among the significantly enriched results. Integrated analysis further identified genes
showing both differential m6A enrichment and differential expression. These findings
indicate an association between m6A enrichment and transcriptional responses during E.
coli-induced mammary inflammation but do not establish a direct regulatory relationship.
Because of the staggered challenge design and common tissue-sampling endpoint, differ-
ences between the 12 h and 24 h exposure groups should not be interpreted as a simple
temporal progression.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vetsci13111192/s1, Figure S1: Principal component and correla-
tion analyses of RNA-seq samples. (A) Principal component analysis (PCA) of RNA-seq samples.
(B) Pearson correlation heatmap of RNA-seq samples.
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