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Summary
It is well established that certain bacteria such as Escherichia coli, Steptrococcus uberis, and
Staphylococcus aureus are causative agents of dairy cattle mastitis while other bacteria are
associated with normal health and productivity. Pyrosequencing of the 16SrRNA gene from
Holstein milk samples provided a means to generate individual cow milk microbiota profiles for
which previous discriminant analysis of bacterial genera showed variation between healthy and
clinical mastitis samples. This correlation was used to explore mastitis susceptibility in a
genome-wide association study (GWAS) using 578,497 single-nucleotide polymorphisms (SNPs)
spanning the bovine genome. The objective of this study was to explore the use of milk
microbiota profiles for identifying novel QTL and subsequent candidate genes effecting mastitis.
Comparative GWAS analyzed cows characterized as having clinical mastitis (CM) or healthy
and compared results to a GWAS using a linear score based on their milk microbiota profile.
Four genomic regions demonstrating association to CM incidence were identified on bos taurus
autosomes (BTA) 5, 16, 26, and 29. Three regions on BTA 5, 26, and 29 were associated with
the milk microbiota profiles. Previously published mastitis QTL were validated and novel QTL
were identified on BTA 16 and 29. Over 15 potential genes were found in the associated regions
of the 2 GWA studies. TBK1 on BTA 5 and RARRES3 and CTSE on BTA 29 appear the most
promising candidate genes affecting immune response.
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Introduction
Biologically, mastitis is the inflammation of the mammary gland and udder tissue and is
generally due to an induced immune response initiated by bacterial invasion. Bacterial species
such as Streptococcus agalactiae, Escherichia coli, Streptococcus uberis, and Staphylococcus
aureus are associated with mastitis (Burvenich et al., 2003). Strain typing of bacterial isolates
provides immediate practical implications such as the antimicrobial treatment and treatment
duration. This is particularly relevant to decreasing the use of antimicrobial drugs in terms of
drug volume and resistance. In addition, bacterial strains have been associated with “contagious”
versus “environmental” mastitis effecting both individual and herd management decisions.
Mastitis is a complex disease, demonstrating a large degree of variation in subclinical and
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clinical manifestation due to both environmental and genetic effects and has long-term
consequences on longevity and productivity of the cow (DairyCo, 2014). During mastitis
infection, the inflamed mammary gland has an influx of somatic cells, altered secretory function,
and changes in the volume and composition of the milk secretion (Harmon, 2001). While
somatic cell count (SCC) and the logarithmic adjusted somatic cell score (SCS) are highly
correlated with mastitis and used for genomic prediction of mastitis susceptibility, SCC can vary
based on milking time, seasonality, and management effects (Harmon, 2001; DairyCo, 2014).
The objective of this study was to explore the use of milk microbiota profiles for identifying
novel QTL and subsequent candidate genes effecting mastitis. This information provides further
biological insight towards disease epidemiology and treatment including the identification of
genes related to bacterial strains versus genes potentially responding to a broader immune
response related to SCC. Moreover, it identifies possible markers for genomic selection of
mastitis resistant cows thereby being a preventative approach for decreasing disease incidence.

Materials and Methods
A cohort of 100 U.S. Holstein cows from a single commercial dairy farm in New York State
were genetically characterized using the Illumina Bovine HD beadchip with 777,962 SNPs
spanning all autosomes and sex chromosomes. Cows were categorized as having clinical
mastitis (CM) or being healthy based upon the presence or absence of clinical mastitis symptoms
within the first 30 days in milk (DIM) respectively. In addition, colostrum samples from
mammary gland quarters were collected at the first milking right after parturition by members of
our research group. Sampling methods followed standard recommendations by the National
Mastitis Council with special emphasis on hygiene during sampling and on pre-sampling
disinfection of teat-ends. All animal procedures were conducted following approval of the
Institutional Animal Care and Use Committee.
The 16SrRNA gene, specifically the V4 hypervariable region, was amplified by PCR from
individual metagenomic DNA samples of colostrum using barcoded primers and optimized for
the Illumina MiSeq platform (Caporaso et al., 2012; Lima et al., 2017). The 16S rRNA gene
sequences generated were processed through the open source software pipeline Quantitative
Insights Into Microbial Ecology (QIIME) version 1.7.0-dev (Caporaso et al., 2012). Sequences
were filtered for quality using established guidelines (Bokulich, 2013). Sequences were binned
into Operational Taxonomic Units (OTU) based on 97% identity using UCLUST (Edgar, 2010)
against the Greengenes reference database (McDonald, 2012). Low-abundance clusters were
filtered and chimeric sequences were removed using USEARCH (Edgar et al., 2010). The
representative sequences for each OTU were compared against the Greengenes database for
taxonomy assignment, and only full-length, high-quality reads (-r = 0) were used for analysis.
The output of this workflow is a classification of reads at multiple taxonomic levels: kingdom
(k), phylum (p), class (c), order (o), family (f), genus (g) and species (s). Oikonomou et al.
established that pyrosequencing results parallel mastitis pathogens identified by culture and
include anaerobic bacterial strains. Additionally, pyrosequencing was capable of identifying
mastitis pathogens and other pathogens as of yet unrelated to mastitis, in aerobic culture negative
samples (Oikonomou et al., 2012). Mammary gland quarter statistics for microbiota were
merged and averaged to provide a single composite milk microbiota cow profile. The relative
abundance of microbial phyla and taxa of colostrum samples within each health status (healthy
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or CM) was blocked by parity and compared in a general linear model using JPM Pro 11 (SAS
Institute Inc., NC) software.
Two genome-wide association studies (GWAS) were conducted to identify QTL and subsequent
candidate genes associated with mastitis and milk microbiota using the same 100 Holstein cows.
Both used a subset of 578,497 SNPs after discarding SNPs with a call rate less than 90% and
minor allele frequency less than 5%. All 100 cow samples had a genotyping success rate of
greater than 90%. Quality control of genotypic data and GWAS were performed using Golden
Helix SNP and Variation Suite v8.1.1 (Golden_Helix, 2012).
Individual cows were
phenotypically characterized as having clinical mastitis (CM; n = 16) or healthy (absence of CM;
n = 84) and were subsequently analyzed in the first GWAS using a case-control format. A
mixed-linear model (MLM) approach was used for the association analysis and employed a
kinship matrix to adjust for relatedness and population structure. A second GWAS was
performed using the quantitative variable of linear score based on an average of the four
quarters’ mammary microbiota profiles (Oikonomou et al., 2012; Lima et al., 2017; Oultram et
al., 2017).

Results and Discussion
Three genomic regions demonstrating significant association to clinical mastitis were identified
on BTA 5, 16, and 29 with suggestive results on BTA 26 (Table 1 & Figure 1.A). In an attempt
to distinguish CM regions also related to microbiota in milk, cows were given a linear score
based on an average milk microbiota profile derived from individual mammary gland quarter
profiles and reflecting prior generation of milk, rumen and fecal microbiota profiles previously
published by our group (Oikonomou et al., 2012; Oikonomou et al., 2013; Lima et al., 2017).
The origin of milk microbiota is currently controversial, pitting long-time beliefs that the
mammary gland and the milk therein is sterile thereby microbiota found are specifically related
to infection and comparing this belief with the theory of commensal microbial communities
within the mammary gland (Oikonomou et al., 2012; Oikonomou et al., 2014; Rainard, 2017). In
the face of this controversy, the comparison of milk microbiota, irrespective of origin from
mammary, teat, or even udder, provides an opportunity to compare individual cow microbiota
profiles with their genome. A second GWAS was performed using this quantitative variable
representing the milk microbiota profile producing three genomic regions demonstrating
significant association on BTA 5, 26, and 29 with suggestive results on BTA 9 and 16 (Table 1 &
Figure1.B). The overlap of the microbiota profile with CM QTL supports further investigation
of this index for mastitis in genetic analysis. Verification of significance with respective
threshold limit was tested using false discovery rate calculations and set at –log10p-value = 5.5
(horizontal black line in Figure 1) which approximates a corrected p-value of < 0.05. Over 15
potential genes were found in the associated regions of the two GWA studies. TBK1 on BTA 5
and RARRES3 and CTSE on BTA 29 appear the most promising candidate genes affecting
immune response.
In all, previous QTL for clinical mastitis have been reported on BTA 5, 9, and 26 with similar
levels of significance, providing validation towards the potential of our preliminary results
(Meredith et al., 2013; NAGRP, 2014). Both of our analyses, CM and microbiota profile,
demonstrate novel QTL on BTA 16 and 29. This could be due to variation in study cohort
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including breed, increased phenotyping consistency by using cows as opposed to indirect
measures on bulls, and the utility of the high-density 777K SNP array. A particular result of
importance relative to our preliminary data and reflecting our overarching goal of identifying a
comprehensive genomic panel for mastitis is both the similarity and difference between the two
GWAS. We hypothesize that the microbiota analysis will generate novel QTL potentially related
to host predisposition to certain microbiota profiles as well as QTL reflected in the CM GWAS.
Variation in the significant associations on BTA 16, 26, and 29 (Table 1) and patterns of marker
allele frequencies on BTA 1, 2, and 11 (Figure 1-blue boxes) demonstrate a degree of this
variation between trait GWAS. We also expect some QTL to overlap, showing similar
association relating milk microbiota profiles to CM as seen on BTA 5, 9, 16, 26, and 29 (Figure
1- red boxes). The level of association also shows a degree of variability between the two
studies (BTA 2, 11). The region on BTA 29, is one of our stronger regions of association with
multiple associated SNPs. The aforementioned RARRES3 and CTSE genes are within this gene
rich area between 37-42 Mb.
In conclusion, the preliminary data utilizing only 100 Holstein cows from a single farm with
phenotypic characterization of CM and microbiota profile has proven statistically powerful
enough to identify QTL. Previous CM QTL can be confirmed with accuracy and novel QTL
identified as informative for U.S. Holsteins. The comparison of the two GWAS helps
differentiate which CM QTL are related to microbiota profiles alone versus those associated with
mastitis. This pilot study provides a proof of concept for our current exploration of cow milk
microbiota profiles in a larger cohort of cows across multiple farms to better understand hostmicrobe interactions and select for mastitis resistance.

Tables
Table 1. Genome-wide association results for clinical mastitis and milk microbiota profiles using
100 Holstein cows.
GWAS
Marker Name
Chromosome
Position
p-value1
CM
BovineHD0500014198
5
49291407
3.33E-07
CM
BovineHD0500014199
5
49296570
3.33E-07
CM
BovineHD0500014200
5
49297638
3.33E-07
CM
BovineHD0500014201
5
49301638
3.33E-07
CM, microbiota
BovineHD0500014204
5
49309014
3.33E-07
CM, microbiota
BovineHD0500014206
5
49316123
3.33E-07
CM, microbiota
BovineHD0500014208
5
49324385
3.33E-07
CM, microbiota
BovineHD0500014209
5
49326796
3.33E-07
CM
BovineHD1600006370
16
22636308
7.82E-08
microbiota
BovineHD2600010274
26
37373824
1.41E-06
microbiota
BovineHD2900012011
29
39796110
1.10E-07
CM
BovineHD2900012446
29
41186856
4.17E-07
CM
BovineHD2900012450
29
41192654
4.17E-07
1 Uncorrected p-values that achieved a false discovery rate of <0.05. The lowest p-value is
reported for those identified in both GWAS which always reflected the CM GWAS.
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Figures

Figure 1. Manhattan plots for the genome-wide association analysis respective of A) clinical
mastitis or B) cow milk microbiota profile. Blue boxes highlight regions showing variation and
red boxes highlight regions showing similarity between trait GWAS. Horizontal black line
denotes FDR <0.05.
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