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ABSTRACT

Bovine mastitis, an inflammation of the udder,ssaciated with increases in milk somatic
cell count usually resulting from bacterial infecti We analysed 50 mastitic milk samples
via cultivation, 16S rRNA sequencing and a combamaof the two (culturomics) to define
the complete microbial content of the milk. Mosing#es contained over 10,000 cfu thL
total bacterial counts including isolates that wesemolysin positive (n = 36). Among
colonies isolated from blood agar plat8geptococcus uberisas dominant (11/50)
followed byStreptococcus dysgalacti&é/50),Pseudomona/50),Enterococcus faecalis
(6/50),Escherichia coli(6/50),Staphylococcus argente(#/50),Bacillus (4/50) and
Staphylococcus aurel{8/50). 16S rRNA profiling revealed that amplicamsre dominated
by RhodococcusStaphylococcysStreptococcuandPseudomonasA higher inter-sample
diversity was noted in the 16S rRNA readouts, whiels not always reflected in the plating
results. The combination of the two methods hiditBghe polymicrobial complexity of

bovine mastitis.
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1. Introduction

Mastitis is an inflammation of the cow’s udder asn@ disease of high frequency and
economic significance due to depleted milk produttdiscarded milk, premature culling
and treatment costs (Bar et al., 2008; Halasapduipsteras, & Hogeveen, 2007; Hertl et al.,
2010). A large volume of milk is processed to aetgrof dairy products and apart from the
risk of bacterial contamination, alterations in deenposition of mastitic milk can negatively
affect the quality of these products (Merin et 2008). For example, it is known that the
somatic cell count (SCC) level negatively corredatgth cheese yield due to slower
coagulation properties of the milk (Le MaréchaljéF, Vautor, & Le Loir, 2011).

Mastitis can be classified into clinical or subadad subgroups, with the latter being
indicated by an escalation in SCC in the absenox@ft symptoms (Vanderhaeghen et al.,
2015). Milk is classified as being clinical or stibrcal based on SCC, with a SCC of
200,000 cells mt: generally being accepted as an indicator of teegnce of mastitis
infection (IDF, 1997) and the SCC threshold forkniirchasers being 400,000 cells L
according to EU regulations (Regulation (EC) Na3 852004). Furthermore, mastitis-
causing bacteria have been grouped as contagiars/oonmental based on their
distribution and interplay with the teat and teattd Smith & Hogan, 1993). The disease is
normally the result of bacterial intramammary iniec, and the most commonly associated
causative agents are staphylococci, streptococccaliforms (Bradley, Leach, Breen,
Green, & Green, 2007; Vanderhaeghen et al., 204&)ever, up to 200 different microbial
species have been documented in mastitic casesse®re primarily bacteria, but can
include fungi or even monocellular achlorophyliga (Cvetri, Samardzija, Habrun,

Kompes, & Bent, 2016).
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Identification of the microbe driving the diseasef critical importance for clinical
resolution. The gold standard method used for lia@acterisation of microorganisms
responsible for mastitis is bacterial culture. Néwveless, restrictions of culture-dependent
techniques include a delay of 24 to 48 h to acqeselts, and the fact that roughly 25% of
milk samples from clinical mastitis cases are aeltuegative (Taponen, Salmikivi, Simojoki,
Koskinen, & Pyorala, 2009). This highlights thepiontance of evaluating culture-
independent techniques for mastitis diagnositiadtbeen suggested that all mastitis
treatments should be evidence-based, which priynagjuires the identification of the
mastitis-causing organism(s) (Milkproduction.cor@02).

Sequencing and analysis of hypervariable regiotisinvihe 16S rRNA gene can
furnish comparably expeditious and cost-effectivethmods for appraising bacterial diversity
and abundance and has proved an effective togldithogen discovery and identification
(Oikonomou, Machado, Santisteban, Schukken, & Bma2012). These technologies have
enabled the investigation of microbial communitresilk without some of the limitations of
culture methods (Ganda et al., 2016; Jimenez ,2@&L5; Oikonomou et al., 2012). It should
be noted that the resulting datasets are compoalt{&Gloor, Macklaim, Pawlowsky-Glahn,
& Egozcue, 2017), failing to provide resolutionsigecies/strain level and do not differentiate
between living and dead microorganisms.

We employed both culture-dependent and culturegaeddent methods to identify the

major pathogenic species found in milks collectedfdiseased animals.

2. M aterials and methods

2.1. Sample collection
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Fifty mastitic milk samples were collected from @®wvs which had elevated SCC
(>200,000 cells mt) during the period of November 2016 to April 208&mples were
taken after the first streams of milk were discdrdaed stored below 4 °C, overnight until
they were further processed. Aliquots of 1 mL esfr milk were subject to culture within 24
h of donation. Remaining aliquots were immediatedgen at —20 °C for subsequent DNA

extraction.

2.2. Determination of SCC

Milk samples were analysed for SCC using a Somacgam (Bentley Instruments,
Inc., Chaska, MN, USA) according to the InternagidDairy Federation (IDF) guidelines

(IDF, 1981).

2.3. Microbiological analysis

Clotted samples with high SCC (>10,000,000 cells‘inkere homogenised for thirty
minutes with the use of a stomacher machine (IUtriiments, SA) whereas the remaining
samples were directly processed. Aliquots of mmdkple, 1 mL, were mixed with 9 mL of
maximum recovery diluent (Oxoid, Basingstoke, U&)ake an initial 13 dilution. Serial
dilutions were enumerated by the spread plate nddathduplicate onto: (i) de Man, Rogosa,
Sharpe (MRS) agar (Oxoid) at 37 °C (pH 5.5) fora§glin anaerobic jars (gas-pack plus
anaerobic system, BBL; BD Diagnostics, USA), whselects for lactobacilli; (ii) blood agar
base (Oxoid) supplemented with 7% (v/v) defibridatbeep blood (Cruinn Diagnostics,
Ireland) at 37 °C for 48 h aerobically, which ie@-selective medium; (iii) Baird Parker

agar (Oxoid) supplemented with 50 mL egg yolkutgié emulsion (Oxoid) at 37 °C for 48 h



125  aerobically, which selects for staphylococci; (WacConkey agar (Oxoid) at 37 °C for 24 h
126  aerobically, which selects for enterobacteria;pf@te count agar (Oxoid) at 30 °C for 72 h,
127  aerobically in which total mesophilic bacteria weoginted. Plates were assessed for growth
128  and colony morphology characteristics and the begar plates were subsequently analysed
129  for haemolytic characteristics.

130

131  2.4. Species determination by Sanger sequencing

132

133 Colony PCR was performed on forty isolated coloffies blood agar plates and

134  forty isolated colonies from Baird Parker plates ggmple based on different morphology in
135 the analysed samples (Supplementary material, T&bleCells were lysed in 10% Igepal
136 630 (Sigma-Aldrich, Germany) at 95 °C for 10 mikRPwas performed in a total volume of
137  25plL using 10 pL Phusion Green Hot Start Il High AgelPCR master mix (ThermoFisher
138  Scientific, Waltham, MA, USA), 10L PCR-grade water, 1,4_ of the nonspecific primers
139  27F and 1495R (primer stocks at O.lprhgl) (Sigma) and 2L of DNA template from lysed
140  cells. Amplification was carried out with reactioanditions as follows: initial denaturation
141 at 98 °C for 30 s, followed by 35 cycles of 98 &€ 10 s, annealing at 55 °C for 30 s and
142  elongation at 72 °C for 30 s with a final extensstep at 72C for 10 min. Five microlitres
143 of the resulting amplicons from each reaction waegetrophoresed in a 1.5% (w/v) agarose
144  gel. A GeneGenius Imaging System (Syngene, Camdaridl) was used for visualisation.
145  The PCR products were purified using the GeneJeE&eaction Kit (Thermo Fisher

146  Scientific). DNA sequencing of the forward strandsyperformed by Source BioScience
147  (Tramore, Ireland). The resulting sequences weed & searching sequences deposited in
148  the GenBank database using NCBI BLAST databasg:{fitvw.ncbi.nim.nih.gov/BLAST/)

149  and the identity of the isolates was determinetherbasis of the highest scores (>98%).



150

151 2.5. DNA extraction and MiSeq sequencing

152

153 DNA was purified from milk samples using the DNe&owerFood Microbial DNA
154  Isolation Kit (MoBio Laboratories, Carlsbad, USAitkvslight modifications. Four mL of the
155  milk samples were centrifuged twice at 400Q for 30 min. The top fat layer was removed
156 with a sterile cotton swab. The pellet was waskadet with sterile PBS, re-suspended in 90
157  pL of 50mg mL* lysozyme and 2§L of 10KU mL™ mutanolysin and incubated at 85

158  for 15min. Subsequently, 28 of proteinase K was added and the pellet washatmd at
159 55 °C for 15 min. The supernatant was removed aégtrifugation at 13,000 g at 4 °C.

160  The remaining steps were performed using the DNBasyerFood Microbial DNA Isolation
161  Kit according to manufacturer’s instructions wikietbead-beating time reduced to 3 min to
162  limit DNA shearing. The microbiota composition betsamples was established by amplicon
163  sequencing of a ~460 base pair (bp) fragment o¥/8i€/4 hypervariable region of the

164  bacterial 16S rRNA gene following the Illlumina 1B®tagenomic Sequencing Library

165 Preparation guide. PCR amplification of V3—-V4 regwas performed using the forward
166  primer 5'-

167 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-

168  and reverse primer 5'-

169 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAC-

170  3'. Each 3QuL PCR reaction contained up to S;mg'l microbial genomic DNA, @L of

171 each primer (um) and 15uL Phusion High-Fidelity PCR Master Mix (ThermoFishe

172 Scientific). The PCR conditions were as followstiah denaturation for 30 s at 98 °C; 25
173  cycles of 10 s at 98 °C, 15 s at 55 °C and 2072 &C; and 72 °C for 5 min for final

174  extension. The Agencourt AMPure XP system (Beck@aunlter, UK) was used to purify the
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amplicons. A subsequent limiteycle amplification step was performed to add rpidtiing
indices and lllumina sequencing adapters. Amplicgese quantified, normalised and pooled
using the Qubft dsDNA HS Assay Kit (Life Technologies, Carlsbad/i@®rnia, USA).

Library preparation was carried out by GATC Biotgelor to 2x 300 bp sequencing on the

lllumina MiSeq platform.

2.6. Bioinformatic analysis of high throughput sequegaiiata

Read quality was assessed using FastQC (v0.11.5)
(http://www.bioinformatics.babraham.ac.uk/projefastqc/) both before and after quality
filtering with Trimmomatic (v0.32{Bolger, Lohse, & Usadel, 2014) where a Phred ¢uali
threshold of 20 in a sliding window of size 4 waspdoyed. The leading 15 bases of each
read was removed followed by a crop at base 2V ads greater than or equal to 50 bases
in length were retained. Read pairs were merged)FidASH (v1.2.11)Magoc &

Salzberg, 2011) on default settings before beinggssed using VSEARCH in QIIME2
(v2018.8)(Bolyen et al., 2018). To do this, reads were derafed and clustered de novo at
97% forming OTUs. Chimeric reads were removed io $wccessive steps, both de novo and
reference based against the ChimeraSlayer GolthakdaTaxonomic classification was
determined using mothur (v.1.38.0, bootsteeR0)(Schloss et al., 2009) and SPINGO
(Allard, Ryan, Jeffery, & Claesson 2015) (v1.3, tsb@p> 0.8, similarity score- 0.5)using

the RDP v11.4 database. Analysis was performedyuemR programming language (v3.5.1)
(Ihaka & Gentleman, 1996) and visualised using gi@p{v3.1.0\Wickham, 2009). Raw data
has been made publicly available in the NCBI's &&ge Read Archive under the accession

number: PRINA509157.
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3. Results and discussion

The aim of the study was to define the microbiahposition of milks from mastitic
cows using both culture and high throughput segugrepproaches. Fifty bovine milk
samples with elevated SCC were analysed in thdysfluctuating between 221,000 and
>10,000,000 cells mt (Table 1). Based on microbiological culturing, thejority of the
samples contained isolates with haemolytic pattestisa-haemolysis being dominant (70%
of samples)p-Haemolytic bacteria were also detected in 40%aafes, while-haemolysis
was less common and found in 20% of the sampldsl Tesophilic bacteria were
enumerated at an average population of 5.92 logntftion PCA, with four culture negative
samples (M29, M32, M33, and M45). Comparable meiogtounts were demonstrated by
Dobrani, Kazazé, Filipovié, Mikulec and Zdolec (2016), who found up to 5.8§ £fu mL*
total mesophilic counts in bovine milk samples frammals cured of mastitis. The average
population of presumptive lactic acid bacteria (DAf8own on MRS was 4.30 log cfu iiL
similar to that reported by Qiao et al. (2015) vémumerated lactobacilli using quantitative
PCR (gPCR) in 12 mildly subclinical milk samplesi&8 severely subclinical milk samples.
In the mild subclinical group (SCC <500,000 cells 1y the mean counts were 4.83 log cfu
mL™ whereas in the severely subclinical group (SCCQO@ cells mLY), the mean counts
for lactobacilli were 4.74 log cfu mb

High SCC does not always correlate with a highdraadtload. For example, while
samples M7, M21, M37 and M49 had a SCC in exce$8snoillion and were clotted in
appearance their total mesophilic counts were Brily2.4, 4.2 and 3.9 log cfu il
respectively. This could be due to a high loadrafultivable microorganisms in these
samples. The identity of microorganisms isolatednfibblood agar and Baird Parker plates

was determined by Sanger sequencing (Fig. 1, Sogpitary material Table S2 and Fig. 2,
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Supplementary material Table S3, respectively)o@iel from blood agar plates were
dominated by the gen&treptococcug31.6%), and more specifically I8treptococcus
uberis(18.2%) followed byStreptococcus dysgalactiggl.1%),Streptococcus agalactiae
(2.2%) andStreptococcus urinali€D.1%).St. uberis, St. dysgalactiaadSt. agalactiaeare
well-known mastitic pathogens (Klaas & Zadoks, 20%hile St. urinalisbelongs to a
subgroup of streptococci which cause urinary tirdeictions in humans and has not been
associated with bovine mastitis until now (Pelt®dthacsahuanga, Frye, & Haase, 2012).

Of the isolates from blood agar plates, 18.3% wg&phylococci with a relatively
even distribution oStaphyococcus aure(3.9%),Staphyococcus argente(#%),
Staphyococcus sciuf8.3%) andStaphyococcus chromogen@s9%).S. aureuss a well-
established mastitis pathogen both in cows and hamaileS. argenteuss a relatively
novel species (Tong et al., 2015) that has bedatesbfrom human infections (Jiang et al.,
2018), but not from bovine mastitis until now. Tresults identifying strains &. argenteus
were inconclusive as to whether they wBrargenteusr S. aureusS. sciuriandS.
chromogeneshoth coagulase-negative staphylococci, have pemnously isolated in
bovine mastitis studies (dos Santos et al., 20D8skinzadeh & Dastmalchi Saei, 2014).
Members ofEscherichia EnterococcusndPseudomonawere identified at comparable
frequencies of 9.7 %, 8.9 % and 8.2 %, respectivlyEscherichiaisolates were
Escherichiacoli while almost 98% of th&nterococcudelonged tdnterococcugaecalis. E.
coli has been identified as one of the major mast#issing pathogens (Luoreng, Wang, Mei,
& Zan, 2018; Vasquez et al., 2019), while enteracbave also been frequently isolated
from mastitic cows (Gomes, Saavedra and Henride@5). Thirteen species of
Pseudomonawere detected (see Fig 1), but none was ident#sseudomonas aerugingsa
a microbe that is often detected in mastitis (FRark., 2014)Pseudomonakactis,

Pseudomonas paralact{son Neubeck et al., 2017) aRdeudomonas weihenstephanensis



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

(von Neubeck et al., 2016) have been previoushaied from cows’ milk.Kocuria (3.2%),
which is usually found in skin and mucous membrafdaimans and animals and is an
emerging cause of infection (Kandi et al., 2016swlso detected on blood agar plates
together withTrueperella pyogeng.2%), which has been associated with summeritisast
(Pyorala, Jousimies-Somer, & Mero, 1992).

Due to the semi-selective nature of the mediaated| colonies from Baird Parker
agar plates were predominantly identifiedséaphylococcuygarticularly asS. argenteus
(19.5%),S. aureug19.5%),S. chromogenegd.1.8%),Staphylococcus epidermidi8.3%)
andStaphylococcus haemolytic(i54%) (Fig. 2, Supplementary material Table S2).

It is broadly acknowledged that many bacteria atecnltivable on standard
microbiological media under standard conditionsnil@gata & Tamaki, 2005; Sekiguchi,
2006) and so in parallel we applied high througlgaguencing to characterise uncultivated
microbiota (DelLong, 2005).

MiSeq sequencing of 16S rRNA amplicons from bowmeestitic milk samples
yielded a total of 14,319,524 quality filtered readith a median read length of 234 + 53
bases. Following quality control, we recorded aerage of 286,391 reads per sample. At
phylum level, Actinobacteria had the highest rglatibundance in 38% of the bovine
mastitic milk samples, while Firmicutes which wemnest abundant in 36% and
Proteobacteria in 24% (Fig. 3). At genus lekRlbdococcusgvas the most abundant in most
samples (38%), followed dyseudomonagl6%), Streptococcugl2%) andStaphylococcus
(8%) (Fig. 4, Supplementary material Table S4).

The culture-based and metagenomics approachesyhsptonsiderable divergence
in their output. For example, approximately 50%/béeq samples had high levels of
Rhodococcusvhile three samples had high levelsfainetobacterput we did not detect

either genus using culture dependent methods &Bscuin detail below). Based on the
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results of both methods, we categorised our sannpliegir groups: Group 1 (M7, M9, M10,
M13, M15, M22, M25, M30, M34 and M40) consisted@h samples for which both 16S
rRNA sequencing and 16S Sanger sequencing frondlagar plates resulted in the detection
of the same dominant genus. More specifically, dasll7, M9 and M13 were dominated
by Staphylococcsiwhereas in samples M10, M15 and M25, the maingdetectedvas
StreptococcusSample M22 and M40 were dominatedR?seudomonasample M34 was
dominated byf'rueperella and sample M30 was dominatedBscherichia However, this
was not the case for the other samples. Group &sted of 17 samples (M1, M11, M14,
M23, M24, M26, M27, M31, M32, M38, M39, M44—M46 ai48—M50) displaying few
similarities between the two data sets while thed®ples in Group 3 displayed no
similarities (M2-M6, M8, M16, M18-M21, M28, M29, 83 M36, M41, M42 and M47).
Finally, Group 4 (M12, M17, M34, M35 and M37) congad of 5 samples that did not give
rise to colonies on blood agar plates.

Of 36 genera detected in the bovine mastitic nalkgles by 16S rRNA analysis,
only 8 were found in the culture-dependent analymselyStaphylococcudacillus,
Carnobacterium, Escherichia/Shigella, Enterococ@tseptococcus, Truepereléand
Pseudomonasvioreover, from the culture-based approach weatied®arnesiellasp.,
Kocuria, Microbacterium and Raoultelk&p., which were not detected in the 16S rRNA
analysis. Aerococci were detected in higher peeggd in Blood agar plates than via
sequencing. It should be emphasised that 16S rRif#lipg only provides relative
abundances and is not quantitative, albeit@winebacteriunwas found in similar relative
abundances using the two methods. Furthermoregloaies were obtained from samples
M7, M11 and M24 on Baird Parker plates, even thagtgbhylococci were found on blood

agar plates for M7 and M11. This may demonstrdferdnces in nutritional requirements.
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16S rRNA profiling indicated relative abundancesStaphylococcuat 83.81% (M7),
0.01% (M11) and 5.27% (M24).

Pseudomonawas detected in 6 samples (M1, M4, M5, M22, M4d &7) by both
culture and Sanger Sequencing, while it was predamiin the 16S profiling in 9 other
samples (M18, M22, M31, M39, M40, M43, M44, M46 did8). The detected differences
could be due to the fact thieseudomonasither could not grow in the culture conditions
used or that it was there in different amountsgialb6S rRNA profiling only provides
relative abundances and does not differentiatedmiwiable and non-viable bacteria.
Pseudomonabkas been found in previous studies in raw milkn(Xzubeck et al., 2015),
bulk tank milk (Rodrigues, Lima, Canniatti-Braza&aBicalho, 2017) and is a member of
the healthy core microbiome in human milk (Murphyk, 2017). Nevertheless, individual
cases or sporadic outbreaks of mastitis may beedadmwg®seudomonasp.,T. pyogenes,
Serratiasp., or other unusual pathogens (Harmon, 192€gudomonakas also been
associated with water contamination, including feediwater systems (Ryan, Pembroke, &
Adley, 2011; Kuehn et al., 2013). Water could sgnificant source of microbial
contamination considering that modern milking piest depend heavily on water for
cleaning milking units. Indeed, mastitis causedPbyeruginoséhas been previously linked
with contamination of water systems and teat desiteints in the milking parlour (Kirk &
Bartlett, 1984).

Eighteen of fifty samples were dominatedRiyodococcugaccording to 16S rRNA
profiling. In particular, 8 samples (M5, M6, M16,2d, M23, M29, M36 and M37) had over
80%Rhodococcuand were accompanied by low total mesophilic coup to 5 log cfu
mL™). Rhodococcusvas not detected from the colonies grown on Blagarr plates and it is
likely that the species detected by the 16S rRNfusacing were either anaerobic or

couldn’t grow under the conditions used in thisilgtuRhodococcusvas previously
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misidentified in bovine mastitis milk samples@srynebacterium bovi@Vatts, Lowery,

Teel, & Rossbach, 2000) whiRhodococcus eqwas identified as the causative agent in an
immunocompromised woman with granulomatous magtieth, Mathew, Mohan, & Anila,
2013). One study has identifi@hodococcusp. as a causative agent in 4 out of 65 paired
milk samples, collected from mastitic and healthgrters of diseased dairy cows (Oultram,
Ganda, Boulding, Bicalho, & Oikonomou, 2017).

Based on 16S rRNA profiling, 5 samples (M4, M10,4/1120 and M47) were
dominated by streptococci (ranging from 79.93 t®%8%), however, three of those samples
(M4, M20 and M47) were negative for streptococcbtrod agar plates, possibly due to their
anaerobicity. In other studies, streptococci ndy biave been linked with high SCC milk
samples (Park et al., 2007; Zanardi et al., 20b#irijues et al., 2017), but they were also
found in the healthy core microbiome of bovine (@ey et al., 2013) and human milk
(Murphy et al., 2017).

16S rRNA profiling identifiedTrueperellain 5 samples (M27, M31, M33, M34, M48
and M49 at 0.1%, 4.1%, 21.4%, 49.5% and 0.7%, ctisedy). Sample M34 was dominated
by Trueperella,andT. pyogenesvas the only member of this genus culturédpyogenes
has been shown to act synergistically with anaerbacteria, namelffusobacterium
necrophorumBacteroidessp,Porphyromonas levin summer mastitis (Pyorélaet al, 1992).
Oikonomou et al. (2012) found that milk sampleschhivere diagnosed ds pyogenes
mastitis, had a high prevalenceFofnecrophorunsubspfunduliforne We were unable to
confirm this finding.

Samples M2, M8 and M19 were dominatedAmynetobacterBrochothrixand
Pseudomonawere detected in all three samples by 16S rRNAilpg. In sample M8,
clostridia were detected while in sample MB&cilluswas identified. Patel et al. (2017)

demonstrated that 18 healthy mothers were ridkcinetobacteccompared with women with
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mastitis. Moreover, Kable et al. (2016) showed thahetobactebelongs to the core milk
microbiota while Quigley et al. (2013) reportedttAainetobacters often found in raw milk.
Acinetobactehas the ability to adapt to various environmeatalditions and several
emerging pathogens have been described (Gurung 2083).Acinetobacteis also known
to cause spoilage (Hantsis-Zacharov & Halpern, 2@8d is rarely a primary cause of
mastitis (Oliver & Murinda, 2012).

Five samples containdescherichia/Shigellat genus level (M15, M26, M30, M38
and M48 at 40.6%, 20.4%, 50.2%, 10.8% and 29.6%¢extwely) which agreed with higher
abundances dEnterobacteriaceaat family level and high abundances of Proteolecte
(Madigan, Bender, Buckley, Sattley, & Stahl, 20I8)ese findings are in agreement with
previously published studies (Ganda et al., 2012l Bicalho, & Bicalho, 2018; Vasquez et
al., 2019) which also found the same patt&rrcoli was not detected in aerobic culture in
sample M15, while for sample M26 only 25% of théootes were identifie@s E. coli
Nonethelesd:. coliwas the only bacterium recovered from samples Bf80M38 on blood
agar plates.

16S rRNA profiling of samples M30 and M38 reveadeldrge diversity of taxonomic
families, which is in accordance with previous eutderisation of the microbiota of mastitic
and healthy human and bovine milk, a finding thegports the possibility of an entero-
mammary pathway (Perez et al., 2007; Angelopoul@l. £2018). This is a pathway in
which bacteria from the gastrointestinal lumen hethe mammary gland with the help of
dendritic cells and CDI8ells (Macpherson & Uhr, 2004; Rescigno et alQD0We
detected many families in mastitic milk that aremally present in the gastrointestinal tract
(GIT), such aikuminococcacea€lostridiaceag Peptostreptococcaceasnd
LachnospiraceaeThis is consistent with findings from normally sdegquarters and

samples acquired via cannula (Ganda et al., 2@l8, Lacroix, Braegger, Rochat, &
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Chassard, 2014; Oikonomou et al., 2014; Pang,2@l8; Vasquez et al., 2019; Young,
Hine, Wallace, Callaghan, & Bibiloni, 2015). Membe@f these families have been
previously detected in samples from different amatal parts of the bovine GIT (Lima et al.,
2015; Mao, Zhang, Liu, & Zhu, 2015uminococcacea€lostridiaceae
PeptostreptococcaceaadLachnospiraceagere also identified in faecal matter from cows;
making it possible that their presence represatitsrecontamination of samples or
translocation into the udder (Young et al., 2015).

It is obvious that there are limitations to bothtaxe-based and culture-independent
diagnostics. Not all organisms causing infectian be cultured and/or are recovered on
culture while 16S rRNA compositional profiling doest provide sufficient resolution to
pinpoint particular species and/or strains anchimrnore, cannot differentiate between live
and dead bacteria. Additionally, practical consatiens such as price, time and labour
intensity will influence the choice of method. Omechand culturing bacteria is laborious, has
a set price per sample (effect of sample numdenifed), and can take up to a week to get
results. On the other hand, 16S compositional sexng is less laborious, its price per
sample can be greatly affected by number of sangrldscan be very time consuming
(outsourced sequencing usually takes 6 weekswellidoy data analysis). Nevertheless,
metagenomic approaches are increasingly appliadduire a detailed picture of the bacteria
involved in the pathogenesis of mastitis.

Both strategies are almost certainly compromisethbyow microbial biomass of
most milk samples (and other types of samplesjeSal al. (2014) and Glassing, Dowd,
Galandiuk, Davis, and Chiodini (2016) have botipexa out the potential for incorrect
results in low biomass samples due to contaminati@ther artefacts that could lead to the
discrepancies observed between the different stiamining the mastitic bovine milk

microbiota (Kuehn et al., 2013; Lima et al., 2008onomou et al., 2012; Oikonomou et al.,
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2014; Oultram et al., 2017; Pang et al., 2018; Rpas et al., 2017; Vasquez et al., 2019).
However, we feel that this is less likely to beissue in this study given that the majority of
samples have a relatively high bacterial load. &ferconditions are another factor that
should be taken into consideration as all sampbkre wtored below 4 °C, overnight until they
were further processed. However, psychrotrophs asBlseudomonasp. could proliferate

at low temperature, complicating the interpretatbthe finding that 16% of samples were
dominated byseudomonadHowever, it should be emphasised thatudomonabkas been
found in the core microbiome of healthy human rsdiknples (Murphy et al., 2017), and
therefore it remains possible for samples to beidated byPseudomonasat the time of
sampling. Moreovel$. aureusthe main causative agent of bovine mastitisetaltd has a
temperature range for growth of 7-48 °C and so raimbhould not increase on
refrigeration. As storage conditions could influenie results of both culture-dependent and
culture-independent methods, it is essential tamrmse effects of sample handling in
particular collection method, time until sample ggssing and sample storage.

We identified the microbiota composition of fiftpWine mastitic milks using both
culture-dependent and independent approaches 08ih(8 = 10) of the tested samples
giving similar outputs (Group 1). Group 2 displayed similarities when 16S rRNA
profiling was compared with culturing. Group 3 cistesd of samples for which the two
approaches were inconclusive and Group 4 samplesrgagrowth on Blood agar plates,
indicating that the culture conditions used wereappropriate for the bacteria present in
these samples. A high inter-sample diversity waedm the 16S rRNA profiling, which
wasn't always reflected in plating results. Thus, suggest that the combination of the two
methods sheds light into the microbial complexityhe disease and that symptoms might be

driven or exacerbated by more than one insultigguoism.
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Tablel

Heat map of the microbial load in fifty bovine mastitic milk samples. 2

Samples SCC Blood agar McC BP PCA MRS
a- p- Y-
haemolysis haemolysis haemolysis
M1 >10,000,000
M2 >10,000,000
M3 >10,000,000 2.0
M4 3,343,000 2.8 1.8 15 3.7 1.9
M5 324,000 25 16 1.0 - 2.6
M6 3,917,000 2.0 2.0 3.0
M7 5,707,000 15 24 25 2.8

M8 346,000 : 3.0 38 25
M9 700,000 ) - 15
M10 9,422,000 38
M11 8,115,000
M12 644,000
M13 221,000
M14 4,330,000
M15 2,502.000
M16 9,999,000
M17 809,000
M18 1,247,000
M19 2,607,000
M20 >10,000,000
M21 >10,000,000
M22 >10,000,000
M23 >10,000,000
M24 >10,000,000
M25 >10,000,000
M26 >10,000,000
M27 >10,000,000
M28 >10,000,000
M29 592,000
M30 >10,000,000
M31 >10,000,000
M32 >10,000,000
M33 8,181,000
M34 >10,000,000
M35 934,000
M36 1,061,000
M37 >10,000,000
M38 >10,000,000
M39 >10,000,000
M40 >10,000,000
M41 >10,000,000
M42 >10,000,000
M43 >10,000,000
M44 >10,000,000
M45 >10,000,000
M46 >10,000,000
M47 >10,000,000
M48 >10,000,000
M49 >10,000,000
M50 >10,000,000

& SCC are a'so shown. Colour intensity corresponds to the microbia load on various media. Red represents
bacterial numbers approaching 10 log cfu mL™ and white represents absence of microbial growth in the

tested media.



Figurelegends

Fig. 1. Average species identification on blood agar ffdty mastitic milk samples. Inner
circle depicts genus and outer circle indicatesigge Results depicting argenteus were

inconclusive as to whether it w&sargenteus or S. aureus.

Fig. 2. Average species identification on Baird Parker goyates from fifty mastitic milk
samples. Inner circle depicts genus and outerecinclicates species. Results depictig

argenteus were inconclusive as to whether it wasrgenteus or S, aureus.

Fig. 3. Phylum level assignments of average relative abnioes of the microbiota in fifty
bovine mastitic milk samples. Phyla with abundartmssw 1% are grouped as “Other”.

Results depicting. argenteus were inconclusive whether it & argenteus or S. aureus.

Fig. 4. Genus level assignments of average relative almoedaof the microbiota in bovine
mastitic milk samples. Bacterial genera under 1&ogaouped as “Other”. The samples are
represented in 4 groups based on level of simjlaetween genus level assignments of
relative abundances and results from 16S Sangaesenpg on blood agar plates. Group 1 is
comprised of samples where in both cases the domgeaus is identified. Group 2 display
some similarities, group 3 have no similaritieshestn the 2 data sets and group 4 did not

show any growth on blood agar plates.
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Relative abundance (%)

Group 1 Group 2 Group 3 Group 4 .3{‘;,";’“"9“

f 1 f ! r 10 1 ®Vagococcus

m Turicibacter

m Trueperella

m Sreptococcus

m Saphylococcus

m Serratia

m Rhodococcus

m Rhodanobacter

m Psychrobacter

m Pseudomonas

m Olsenella

m Oerskovia

m Nesterenkonia
Mycoplasma

= Macrococcus

m Lactococcus
Lactobacillus

m Helcococcus
Fusobacterium
Facklamia

m Escherichia/Shigella

= Enterococcus

m Corynebacterium
Clostridium_XIVa

m Clostridium_XI

m Clostridium_sensu_stricto

m Clavibacter

m Carnobacterium

m Caldalkalibacillus

m Buttiauxella

m Brochothrix

m Bifidobacterium

m Bacillus

m Arthrobacter
Aerococcus

m Acinetobacter
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