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ABSTRACT

The different customer and regulatory specificaitor mesophilic and thermophilic aerobic
and anaerobic spore numbers in skim-milk powdeadiition to some specifications on
specific spore-forming bacteria, suchBeillus cereuscan be challenging for the industry
to meet. Twenty-two samples of medium-heat skinkmsray-dried powder from eight
sources were analysed in triplicate with 16 baatemd spore enumeration tests to
understand the variety of spore-forming bacteriputetion. Using 16S rDNA sequencing,
the species were identified for 269 isolates thextewepresentative of the various tests. Of
the isolates identified, 68% weBacillus licheniformisa facultative anaerobe that can
survive and grow at mesophilic and thermophilicpenatures, making it difficult to
eliminate in manufacturing environments. Using vehgénome sequencing, 16 of 23 isolates
identified asB. licheniformisby 16S sequencing were confirmedBasicheniformis four

were identified a8acillus paralicheniformisand three were identified &scillussp. H15-1.
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1. Introduction

Ireland is one of the leading countries, per capitanilk and dairy production. From
the Bord Bia (Irish Food Board) annual report op&st Performance and Prospects in 2018,
the value of dairy products and ingredients expactounted for one third of the all export
categories and were worth more than €4 billion. Sdfety of dairy products is pivotal in
maintaining the reputation of food and guaranteéiegsafety of end users and consumers. In
terms of microbiological hazards, the threat oftbaal spores in dairy powders has been a
cause of concern for many years. Bacterial spbiasare generated by some species, known
as spore-forming bacteria, which can in some irt&gsitbe pathogenic, are multilayer-
structured dormant endospores that can survivemetenvironmental stresses such as
desiccation, high pressure, high and low tempesatlV radiation, and chemical stress
(Setlow & Johnson, 2013).

Bacterial spores can survive heating processeh,asimost commonly used
pasteurisation during milk powder production, aoohe can even survive ultra-high
temperature (UHT) processing, which may lead talage and potential food poisoning.
Bacillusspp andClostridiumspp are two of the most often reported spore formiagtéria
found in dairy products, associated with food poisg (Doyle et al., 2015; Gopal et al.,
2015; Kumari & Sarkar, 2016; Smelt, Stringer, & B2013). For exampldacillusspp. or
Clostridiumspp can produce heat stable protein enterotoxindéhatto diarrhoeal and
emetic syndromes (Freedman, Shrestha, & McClarig;2kellett et al., 2016).

Depending on the heat treatment, and incubatiopéeature applied during the
microbial analysis, spore counting methods canldssified as total spore count (TSC,
spores are heat-treated at 80 °C for 12 min), higbht resistant (HHR) spore count (spores
are heat-treated at 100 °C for 30 min) and/or gshpstrophic, mesophilic and thermophilic

spore count, for which spores are incubated (aeatlpior anaerobically) at 6 °C for 10 days,
3
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30 °C for 48 h and 55 °C for 48 h, respectivelydlgm & Silva, 2015; Kent, Chauhan, Boor,
Wiedmann, & Matrtin, 2016; Miller, Kent, Boor, Mamti& Wiedmann, 2015a; Sadiq et al.,
2016). Because of the lack of standardisation afitmns such as temperature, time, media
combinations and atmosphere used in spore testg, #ne many different methods that
laboratories use, depending mainly on customernfsgeons for products. This leads to
complexity in comparison of the scientific resudfsspore studies published internationally
and in communication of results.

Spores and spore-forming bacteria are ubiquitotisarenvironment and can easily
enter the food chain from farm level. Studies hstvewn that the occurrence of spores or
spore-forming bacteria in raw milk potentially Isko the spore levels and type in finished
products (Burgess, Lindsay, & Flint, 2010; Doyleakf 2015; Gupta & Brightwell, 2017,
Masiello et al., 2017). Spore forming bacteria hagen reported in bulk-tank raw milk and
in dairy powdersBacillus licheniformisandBacillus pumilushave been reported as the two
most commonly identified species in the bulk-taaw milk at a combined total of 57% of all
595 spore isolates from 33 farms in the UnitedeStétiller et al., 2015b). In The
Netherlands, spores @lostridium tyrobutyricunandClostridium beijerinckiiwere
positively identified in 60% of 96 farm tank midlamples and 40% of the samples were
positive forPaenibacillusspp. (Driehuis, Hoolwerf, & Rademaker, 2016). hotoer study
(Kent et al., 2016), a total of 55 raw material s including raw milk, cheese whey and
condensed milk were positive at a rate of 100888and 84% for mesophilic total spore
count, thermophilic total spore count, mesophilldRispore count and thermophilic HHR
spore count, respectively. From the 326 bacteolatiss from that survey worBacillus spp.
andGeobacillusspp. were the two of most frequently identifieshg@e accounting for 81%
and 9% of total isolates collected, respectively.

In the processing plant, the spore population eaaftected by the raw milk and by

processes applied to the materials including hgahalding-time, and packaging, some of
4
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which can facilitate increasing numbers, or biofftonrmation. Heating processes such as
pasteurisation, UHT treatment or spray-drying misgger spore germination (Hanson,
Wendorff, & Houck, 2005; Ranieri, Huck, Sonnen, l&amo, & Boor, 2009; Setlow, 2014),
leading to out-growth and occurrence of spore-fagrbacteria in the processing
environment. These spore-forming vegetative calistze induced into the spore state if the
conditions become unfavourable. Additionally, direantact of product with processing
surfaces or packaging material may further contateithe products with spore reservoirs
(Kumari & Sarkar, 2014).

In dairy powdersBacillusspp (56.4%),Geobacillusspp (19.8%) andAnoxybacillus
spp (17.3%) were the predominant spore genera (Meflexl. 2015b). In a study of non-fat
dry milk powders (skim milk powder), collected frahree processing plants the average
spore count level in all the samples was 3.24 @ f cfu g' (Buehner, Anand, & Dijira,
2015). In that studyB. licheniformiswas the most common species, at 63% of the 68tesol
identified.

The quality of milk and dairy products are monitbi®y many microbiological
criteria related to spores or spore-forming baatekt a European level the Commission
Regulation No 2073/2005 (EC, 2005) states thapthsumptive identification dacillus
cereusshould be in the range of 50 cfd tp 500 cfu & in dried infant formulae and dried
dietary foods for special medical purposes interfdethfants. The United States Dairy
Export Council has defined rules, linked to inteior@al customer specifications on
mesophilic and thermophilic spore counts of less th000 cfu § and less than 500 cfu'g
in dairy powders respectively, that are destineduse in infant milk formulae (Watterson,
Kent, Boor, Wiedmann, & Martin, 2014). For anaeoogpores, the International
Commission on Microbiological Specifications fordéls (ICMSF) concluded that sulphite-

reducing clostridia (SRC) should be limited to un#i@0 cfu ¢" in dried dairy ingredients
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used in powdered infant formula, indicating adequmicrobiological hurdles have been
applied in the process and good hygiene practisergbd (ICMSF, 2013).

The objective of this study was to characteriseespand spore-forming bacteria
population in Irish skim-milk powder (SMP) and ttentify the different species of spores

and heat tolerant bacteria using 16S sequencingvaobtt genome sequencing (WGS).

2. M aterials and methods

2.1. Samples

Twenty-two medium heat skim milk powder samplesen@stained from 8 different
sources in Ireland. Samples that were outside bakspecifications had not entered the
commercial market. All samples were manufactureaitumn 2016, and obtained from
October 2016 to January 2017 for testing. The sasnpkre stored at ambient temperature

for 6 to 9 months, away from light, in air-tightgkaging before testing.

2.2.  Sample preparation for analysis

Independent triplicate 25 g sub-samples of eachdpowsample were aseptically

weighed and transferred to sterile bags. Followvtivag, 225 g of sterile distilled water was

added and the bag was left for 20 min at 18—-22Tt@.bag was then gently mixed by hand

to obtain a homogeneous solution.

2.3. Methods for microbial enumeration
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The samples were tested by sixteen microbial methesldetailed in Table 1. As
required by the individual tests, various heatttrests of different combinations of time and
temperature were applied to the prepared sampléi@as. For thermoduric bacteria, the
samples were heated at 63.5 °C for 35 min. Forespount and highly heat resistant (HHR)
spore count, the samples were heat-treated at & XD min and at 100 °C for 30 min,
respectively. From each duplicate sample, 1 maofiple or an appropriate serial dilution
was pour-plated in duplicate on the appropriate &gahe test, except for presumptive
Bacillus cereugroup bacteria using BACARK agar (Biomerieux, Marcy-I'Etoile, France),
for which 3 x 0.33 mL of each duplicate sample sf®ad on the plates. Tryptic soy agar
(TSA; Becton Dickinson, New Jersey, US) was usedlidacterial analyses, except that
plate count skimmed milk agar (PCSMA; Merck, Newsdg, US) was used for aerobic and
non-specific anaerobic spore tests and iron sd@gar (ISA; Thermo Fisher Scientific,
Massachusetts, US) was used to detect SRCs. Thelatgs were incubated at the required
time, temperature and atmosphere conditions, wiygestaerobic incubation was achieved
using anaerobic jars with Anaerocult (Merck). Aftecubation, all the colonies on a plate
were counted; when there were no colonies prebernesult was reported as < 1 log cfu'mL
! The results were expressed as cfu'mEreconstituted skim milk powder. Spreading
colonies were counted as single colonies if leas thne quarter of the agar surface was

covered; if more than one quarter of the agar sarf@as covered, the result was discarded.

2.4. Isolation and purification of colonies

Three colonies of variable morphology, where pdssiioom each microbial test,
were isolated and purified. For purification, baieteisolates were aseptically streaked onto
TSA plates which were incubated for 18 h at theperature of isolation. A single colony

was aseptically transferred, using a 10 pL loog, i mL of tryptic soy broth (TSB; Becton
7
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Dickinson) which was incubated for 18 h at the temapure of isolation. Two mL of the
growth culture were centrifuged using a benchtagrdege at 14,000 rpm for 1 min and the
supernatants were discarded. The pellet was resdeg@en cryovial solution using

Cryoinstant tubes 822075ZA (VWR, Pennsylvania, BIg) cryovials were frozen at —20 °C.

2.5. DNA extraction

For each of the 285 isolates selected, a cryobeadadded aseptically to 10 mL of
brain heart infusion (BHI) broth and incubated I8rh at the temperature of isolation. DNA
was extracted from 2 mL of bacterial culture uging Qiagen DNeasy UltraClean Microbial
Kit (Qiagen, Venlo, Netherlands), as per manufaatarinstructions. DNA purity and
concentration were measured using a BiodroffE ™ (Novex Electrophoresis GmbH,
Heidelberg, Germany). The extracted DNA from eactate was stored in 1.5 mL micro

tubes (SARSTEDT, Numbrecht, Germany) at —20 °Caaradysed within 3 months.

2.6. 16S rDNA sequencing

Based on representing an even distribution of tluece and test method, 285
bacterial isolates were selected for 16S sequenttfg rDNA sequencing was used for the
primary species identification. The National Ings of Health (Maryland, US) primer set
357F/926R (357F - CCTACGGGAGGCAGCAG, 926R - CCGTCAZLMTTTRAGT)
was used to amplify the bacterial 16S rRNA V3-V§ioa (Sim et al., 2012). The amplicon
size was 570 kb. Partial 16S rDNA sequences wdszrdaned by Sanger sequencing
(Fellner & Sanger, 1968). Genetic database seayetas performed using BLAST

(https://blast.ncbi.nim.nih.gov/Blast.cgi). Whehe tspecies is given, the top three ‘hits’ for

species identification were the same. BioNumesafsvare version 7.6 (Applied-Maths,
8
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BioMérieux Marcy-I'Etoile, France) was used to sttite relationship between the closest

known species from the BLAST search.

2.7. Whole genome sequencing

From the 16S results, 2Bl licheniformisstrains were selected for whole genome
sequencing (WGS) as this was the predominant spetatified and to confirm the
identification. The 24 strains selected represeatedven distribution of the source and test
method.

For WGS, quantification of genomic DNA was perfoimesing a Qubit 2.0
fluorometer (Invitrogen, CA, USA), with the QubsKdNA HS assay (ThermoFisher
Scientific) according to the supplier’s instrucor 0.2 ng uL* DNA solution was prepared
using molecular grade water. Library preparatigmtantation, library amplification and
clean-up were performed with the Nextera® XT DNAngée preparation kit (lllumina, CA,
USA). Subsequent quantification of the library wiasie by means of the Qubit dsDNA HS
assay on the Qubit 2.0 fluorometer. Library sizrdbution and quality were assessed with
the 2200 TapeStation (Agilent Technologies, CA, YiS¥manual library normalisation was
performed and pooling of the libraries was dondnwiuL of each 2.0nn normalised library.
Subsequently, 600 pL of a 1& pibrary was made with a 1% PhiX control spike-in.
Sequencing was done on an lllumina MiSeq with Biehemistry using 2x 300 bp paired-

end reads.

2.8. WGS data analysis

The species was predicted from raw read data wsmgrfinder

(http://cge.cbs.dtu.dk/services/KmerFinder). A degdam was constructed in Bionumerics
9
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7.6 using standard algorithm with Unweighted Pawup Method with Arithmetic Mean
(UPGMA).

Raw sequencing data was assembled by BionumerngsrPassembler, and
assemblies were submitted to Nucleotide BLAST

(https://blast.ncbi.nlm.nih.qgov/Blast.cqgi?PROGRAMin&PAGE TYPE=BlastSearch&L

INK_LOC=blasthome) with toxin genes, includifthAA IchAB, IchACfrom B.

licheniformis IchAAfrom B. licheniformisDSM 13,IchABfrom B. licheniformisDSM 13,
IchACfrom B. licheniformisDSM 13,cesAandcesBfrom B. cereusThe toxin gene

sequences were acquired from the European NucieAtichive (https://www.ebi.ac.uk/ena).

The results of toxin gene identity values were ttguito GraphPad Prism 7.02 to generate a

distribution graph of toxin genes in the sequersteains.

2.9. Statistical analysis

The spore counts from each sample were convertied tcfu mL™* using Excel. The
average and standard deviation of the values &t €muopling point were calculated and
graphed using GraphPad Prism. Where the numbeeshedow the detection limit an
arbitrary value of 0 log cfu mitwas applied.

The results of the bacterial and spore numbers am@aby/sed using IBM SPSS
Statistics (New York, NY, USA) to generate a Boxglor each test method, except for the
presumptiveB. cereuggroup on BACARA plates as the numbers were tooftmvstatistical
analysis (see Supplementary material Fig. S1hdrfigures, each rectangular box consists of
the median (as a horizontal line), thé"2fd 7%' percentile (as the lower and upper lines of
the rectangle, respectively), and the maximum amihmum values as whiskers. The
boxplots give more detail on the variation of tlaeterial and spore counts between the

different samples.
10
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3. Results

3.1. Microbial enumeration

No psychrotrophic spores were detected. From Fithelrange of TBC was from <1
(in samples 12, 21 and 22) to 3.15 log cfu heixcept for samples 17 and 18, which were not
tested. For thermoduric bacteria, the results refigen <1 (samples 4, 12, 21 and 22) to
2.96 log cfu mL* (sample 6), while for thermophilic bacteria, thege was from <1 (sample
2) to 3.00 log cfu mtt (samples 14 and 16). For values on the x-axis wviere below the
detection limit, an arbitrary value of 0 cfu Mlwas applied. In sample 13, 14 and 186,
thermophilic bacteria were significantly € 0.05) higher than the TBC and thermoduric
bacterial numbers. Sample 2 had the highest TBll tested samples, exceeding 3 log cfu
mL™.

Spores were detected in all the powders, but tbheeggpe and numbers varied (Fig.
2). Samples 13-18, which were all from the samecgowvere the highest for thermophilic
anaerobic spores, with numbers ranging from 2&@dog cfu mL*. For bacterial spores in
Fig. 2, mesophilic aerobic spores ranged from <1.4@ log cfu mL*, thermophilic aerobic
spores from <1 to 2.91 log cfu L. mesophilic anaerobic spores from <1 to 2.31 fog c
mL™ for, and thermophilic anaerobic spores from <3.&0 log cfu mL’. In sample 2 and
samples 13-17, thermophilic aerobic or anaerolmeespwere 1.5 to 2 log higher than the
numbers of other bacterial spores for which tegirewandertaken. For samples 17-22, not all
bacterial spore and SRC tests were done on thegrewdde to insufficient sample material
being available for testing. The highest value esophilic SRC was 1.19 log cfu fllin
sample 8, while for thermophilic SRCs, was 1.16dagmL™ in both sample 6 and sample 7.

For mesophilic SRC spores, all the results werevoghe detection limit except for sample 3,
11
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8,11, 12 and 13. For thermophilic SRC, spores wetected in sample 5, 6 and 7, with all
other tested samples <1 cfu. For values on thexvalxich were below the detection limit,
an arbitrary value of log 0 cfu rilwas applied.

The results of different high heat resistant spes¢s are shown in Fig. 3. Samples
13-17 had the highest counts for thermophilic aerspores and sample 18 had high
thermophilic anaerobic HHR spores.

The minimum and maximum counts observed for HHRepwere <1 to 2.07 log cfu
mL™, for mesophilic aerobic HHR spores, 0.18 to 2atydfu mL’ for thermophilic aerobic
HHR spores, <1 to 2.13 log cfu Mifor mesophilic anaerobic HHR spores and 0.2236 2.
log cfu mL* for thermophilic anaerobic HHR spores. For samples22, not all HHR spore
tests were completed on the powders due to ingefiticample being available. For values
on the x-axis which were below the detection lirait,arbitrary value of log 0 cfu riilwas
applied.

For samples 13-18, all of which were obtained ftbensame source, the results were
different from other samples. The thermophilic baetresults were the highest among other
tests in Fig. 1 (some data were missing due tdinfieed powder availability), where
thermophilic anaerobic bacteria spore results wezdnighest in Fig. 2 and thermophilic
anaerobic HHR spores in Fig. 3.

In this study, BACARA was used as a selective nmadio determine presumptig
cereus From a total of 20 isolates collected from diietr colony morphologies on
BACARA plates, 5 presumptiv. cereuggroup isolates with typical pink to orange col@nie
surrounded by an opaque halo, were identifieB.asereugroup using 16S rDNA
sequencing, and the remaining 15 isolates witledsfit morphology without a halo growing
on agar surface were identified using 16S rDNA seging ad.ysinibacillusspp.,

Enterococcuspp. andacillus coagulans.

12
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The detection of SRCs was carried out on ISA plateker anaerobic conditions. The
growth of both mesophilic and thermophilic SRCs whserved as typical black colonies on
the plates. From all the 22 positive plates, d wftd42 SRC colonies were counted and 8
isolates were obtained from ISA plates identifigdlBS rDNA sequencing.

The results of bacterial and spore counts forhallgowders from 13 tests are shown
as box-plots, giving more detailed information (Bl@mentary material Fig. S1). The
greatest variation was observed for thermophil@esobic bacterial spores, ranging from <1
to 3.00 log cfu mL}, while the highest log median value was for thephilic bacteria at 2.15

log cfu mL™.

3.2.  16S sequencing results

Using the 16S sequencing method, the species wasifidd for 269 of the isolates.
The remaining 16 isolates could not be identifiehf the sequences obtained. The isolates
identified were predominantBacillus licheniformig68% of total identified isolates), 16%
of the isolates were oth8acillus species including. cereugroup,B. coagulansand other
Bacillus species, 5% wer€lostridia spp, 3% wereGeobacillusspp., 2.6% were
Lysinibacillusspp., 1.8% wer8revibacillusspp., 1.5% wer&nterococcuspp., 1.3% were
Anoxybacillusspp., and less than 1% wekeeurinibacillusspecies (Fig. 4).

A total of 183B. licheniformisisolates were identified using 16S sequencing,
including isolates from most of the methods desctipreviously. Fig. 5 shows a pie-chart of
the % of the 188. licheniformisl6S-sequenced isolates obtained from the different
microbiological methods used. There were 121 eBthlicheniformisisolates from spore
methods, 77 of which were mesophilic spore-fornf@ésisolates were from HHR aerobic or
anaerobic spore methods), 44 were thermophilicesfmmers (22 isolates were from the

HHR aerobic spore method). For bacterial meth2dss, licheniformis(that were not typical
13
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colonies) were isolated from BACARA plates, 7 wimm TBC, 27 were from thermophilic
bacterial tests, and 22 were from thermoduric bedtests.

Thirteen isolates dB. cereuggroup were identified by 16S sequencing, 4 from
thermoduric bacterial tests, 4 from mesophilic Bergpore tests and 5 were from typical
colonies on BACARA agar plates. There wereBn@ereugroup isolates from thermophilic
methods. Six of 1Bacillus coagulansvere identified from anaerobic tests. The majaoity
these isolates came from spore tests on non-seautdia (i.e., TSA and PCSMA), mostly
under thermophilic conditions but one was colledtech a BACARA agar plate. Seventeen
isolates from all aerobic tests were identifiedBasillus spp.

From ISA and other tests, fourte€tostridiumspp. isolates were identified. Five
isolates were from mesophilic anaerobic spore sastiseight were from mesophilic SRC
tests. The remaining one was isolated from BACAR&e NineGeobacillusspp. isolates of
were identified, eight from thermophilic tests (uting HHR, aerobic and anaerobic tests).
The severnysinibacillusspp. isolates were all obtained from BACARA aglates and the
four Anoxybacillusspp were isolated from thermophilic methods. FRaterococcuspp.
were isolated, two from BACARA agar, one from theduric bacteria and the other was

isolated from TBC.

3.3.  WGS results

A set of 24 16S sequencing-identifiBdlicheniformisisolates were selected for WGS
to confirm the 16S sequencing results. One strais discarded due to the lack of valid
sequencing information. The remaining 23 isolatesawdentified a8. licheniformis(16
isolates), 4 aBacillus paralicheniformisand three aBacillussp. H15-1 (Fig. 6). This shows
the relationship between the species identifie@e@mpartitions indicatB. licheniformisyred

partitions indicatdB. paralicheniformisand purple partitions are f&acillussp. H15-1. From
14
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the Fig. 6, the relationship betweBnlicheniformisandB. paralicheniformigs more distant
than the relationship between licheniformisandBacillussp. H15-1.

The presence of a total of eight toxin genes, edl&d lichenysin synthetasein
licheniformisand cereulide synthetaseBncereusywas assessed in the whole genome
sequenced strains. A distribution graph of toxineggelentity against sequenced strains is
presented in Supplementary material Fig. S2. Boyraralicheniformisstrains (numbers 2,

14, 15 and 16) were distinguishable from the otb@ates. These four stains showed a
higher identity (>95%) iflchAA, IchAB, IchAC, and a lower percentage (<95%) in
IchAA DSM13,IchAB_DSM13 andchAC_DSM13 compared with other isolates. The genes

cesAandcesBwere not detected in any of the isolates.

4. Discussion

This study was a screening of Irish skim milk poved®r various microorganisms in
using different test methodB. licheniformiswas identified by 16S rDNA sequencing as the
most common spore-forming bacteria. If a greatenimer of colonies were selected from
each agar plate, or if different media or incub@atonditions were used, it is possible that the
variety of organisms may have been different. Sirmésults wher8. licheniformiswas a
commonly isolated spore-forming bacterium from gairoducts have been reported
(Buehner, Anand, & Garcia, 2014; Gopal et al., 2(Ré&ginensi et al., 2011; Rickert,
Ronimus, & Morgan, 2004; Yuan et al., 2012). Thghhyprevalence dB. licheniformisin the
dairy industry can be attributed to contaminatiamf external farm sources including soil
and silage as well internal sources during daiocessing that allow growth of the organism.

Bacillus licheniformigs a facultatively anaerobic mesophilic or therimbp spore-
forming bacterium that was isolated from a var@tyests used in this study. It is a member

of theBacillus subtilisgroup and can be difficult to distinguish from ettmembers of thB.
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subtilisgroup. Of the 269 isolates identified by 16S rDBRguencing in this study, 189 were
identified asB. licheniformis Because of the difficulty in distinguishirgy licheniformis

from other members of tH& subtilisgroup, whole genome sequencing confirmed the 16S
sequencing with regard to differentiatiBglicheniformisandB. subtilis However, it did

show thaB. paralicheniformigs easily distinguishable using WGS, even though 1
sequencing showed them to be similar. Three oR#isolates were identified &
paralicheniformisusing WGS.

Depending on the tests, the microbiological cowatied significantly from <1 to £0
cfu mL* in reconstituted skim milk powders. From the resédr some samples (for example,
sample 14) the counts for some bacterial typesettelly higher that the TBC. This is due to
the fact that the TBC, although called a ‘totalctaial count, will only detect a certain
number of bacteria that grow at the incubation terafure (30 °C) of the TBC. Previous
studies of spore counts in dairy powders showethéas range from below the detection
limit to about 18cfu g* in dry powder (Buehner et al., 2014; Kent et2016; Watterson et
al., 2014). In the boxplots, the log mean valuesllispore test methods were below 2 log cfu
mL™ and the highest was for HHR thermophilic anaerspiares in this study. It should be
noted that from the boxplot charts, all thermoghiiethods used showed higher counts than
mesophilic methods. This may be a result of sedaidmtating during pasteurisation,
evaporation and spray drying processes which fa/growth and survival of thermophyles
(Burgess, Flint, & Lindsay, 2014; Cho et al., 20Hd| & Smythe, 2012).

Whole genome sequencing confirmed that 16 of this@ates obtained by 16S
rDNA sequencing werB. licheniformis Four of the isolates were identifiedBs
paralicheniformisby WGS, but a8. licheniformisby 16S sequencing. Although the 16S
gene sequencing showed a high degree of similaeityeen the strains & licheniformis
the strains oB. paralicheniformisvere distinctly different (Fig. 6Bacillussp. H15-1, of

which 3 isolates was identified from 23 total iselg was isolated from rusted steel wire rope
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in 2017 (Xiao et al., 2017) and is a thermophibcterium with the ability to produce two
hydroxy-pentanone metabolites. Although its spegesnot been confirmed, from this study
Bacillussp. H15-1 is closely related B licheniformis Additionally, in another study,
Bacillussp. H15-1 was shown to have a similarity valugrefter than 99% tB.
licheniformisstrains (Lee et al., 2017). Two of th&3&cillusspp. H15-1 strains were isolated
from the same source in this study. Apart from ghigly, there was no recordBécillussp.
H15-1 found in dairy industry environment.

A recent review (Wells-Bennik, Driehuis, & van Hipy 2016) had discussed the great
potential of genetic approaches, such as WGS a8dridker gene sequencing, in
characterising dairy-relevant sporeformers. Theskeoular tools can provide information on
gene absence/presence, gene regulation on preg@iession as well as metabolite
production, which allow the prediction of phenotg@ genus, species and strain level. In
this study, genome analysis was used to contriioutee awareness of bacteria and spores
isolated from specific enumeration methods.

Currently, there is no standardisation of sportrtgsnethods accepted worldwide
(Kent et al., 2016) and variation inherent in thetlmods applied can lead to great differences
in spore counts in milk powders (Wells-Bennik ef 2019), with an up-to 3 log cfu ritL
difference of spore numbers as determined by @iffemethods. Additionally, many of the
different tests will identify the same organismwass the case witB. licheniformis which
grows over a wide range of temperatures and atneosptonditions. This makes it more
difficult to control during processing. It also indted that using one spore testing method
with a specific heating and incubation temperatanr@bination may not show a complete
view of all spore formers in a given milk powden @ain a better understanding of spore-
forming bacteria population, several different noeth should be applied together.

Most food poisoning incidents attributedBacillus species are associated with

Bacillus cereusbut from previous studies, some heat-stable tpraauction has been shown
17
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in B. licheniformisstrains (Salkinoja-Salonest al, 1999; Taylor, Sutherland, Aidoo, &
Logan, 2005). Nieminen et al., (2007) identifiediteproducingB. licheniformisfrom 2 of
23 samples from milk of mastitic cows. The toximgucing properties of the twi.
licheniformisisolates were similar to those Bf licheniformisstrains that produce the
lipopeptide lichenysin, and were toxic at concerdres of 20—3Qug mL™*. Lichenysin
synthesis was found to be universal among thB.3®heniformisstrains examined by
Madslien et al., (2013), although the quantitiesedaconsiderably, with more than two
orders of magnitude between strains. Cytotoxici@gwvident at lichenysin concentrations
above 1Qug mL™. Salkinoja-Salonen et.a(1999) isolated toxin-producing isolatesBof
licheniformisfrom foods involved in food poisoning incidentxrh raw milk, and from
industrially produced milk powder. Those toxins Ipdnysicochemical properties similar to
those of cereulide (a toxin &f cereuy, but had different biological activity. The toxivas
non-protein in nature, soluble in methanol, and matssensitive to heat, protease, acid or
alkali. The presence of six linchenysin syntheslated genes and 2 genes responsible for
cereulide productioncésAandcesB were assessed in the 23 strains that were wieslerge
sequenced. All strains were positive for the ligfsem genes but negative foesAandcesB
However, this study determined gene presence, Hrermany other factors that could
influence gene expression, which was not studied.

Selective media such as BACARA agar and Iron Stéphgar can give a good
indication of potentiaB. cereugyroup and SRC group members (Doyle et al., 2015;
O’Connell, Ruegg, Jordan, O'Brien, & Gleeson, 20L&ljient, Kotewicz, Strain, & Bennett,
2012). From all pink colonies with an opaque halbbected from BACARA plates in this
study, they were all identified & cereugroup by 16S sequencing. BACARA has been
shown to be more sensitive and selective thanSR¥ 932 method using MYP agar (Kabir,
Hsieh, Simpson, Kerdahi, & Sulaiman, 2017). Pinki@nge colonies surrounded by an

opaque halo, which indicates that lecithinase aslpced, should be considered as
18
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presumptiveB. cereugyroup isolates. The number of presumptive postivas low so the
colony counts were not shown and there was insefficlata for further analysis. In this
study, thermophilic SRC were observed on ISA platgsnone were successfully collected
due to their strict anaerobic requirements, whietkes them difficult to recover for further
characterisation.

It is very important to differentiate between sgoamd spore-forming bacteria when
carrying out an in-depth microbiological study feed on spores, to ensure that enumeration
techniques applied do not represent innate vegetaélls, which must be eliminated by heat
treatment prior to enumeration to ensure resultarately reflect true spore levels. Only pre-
formed spores are able to survive heat procesdugto the durability and protection
provided by their multilayer-structure. Sporulat@md germination are two dynamic
processes, indicating the transformation from vatget cells to spores and vice versa.
Previous studies reported that the germination ofrigacillus spp. spores varied from 5 to
60 min under a variety of conditions (Chen, Huafd,j, 2006; Santo & Doi, 1974; Zhang et
al., 2010). Additionally, heat activation (thernsalock) may induce germination in some
Bacillusspp. spores, which can be explained by the expres$theger gene (Luu et al.,
2015; Soni, Oey, Silcock, Permina, & Bremer, 2018Yhe manufacture of dairy powders,
thermal processes can trigger spore germinatioeruastourable conditions, which may
result in toxin production from growth of the vegjte cells and associated presence of the

organisms in finished products.

5. Conclusions

B. licheniformiswas demonstrated to be the predominant speciesfidd from skim
milk powders collected in this study. Various baieeand spore tests were used to screen the

microorganism population under different heatimgubation and atmosphere conditions. A
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large diversity of spore-forming bacteria was idesd by 16S sequencing, but most wére
licheniformis Compared with WGS, 16S sequencing was not precisagh to distinguish
B. licheniformisandB. paralicheniformisMore focus should be given B licheniformisin
diary powder production and improvements in proogsshould be made to reduce spore

counts.
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Figurelegends

Fig. 1. Total bacterial counts (TBC), thermoduric bactiesiad thermophilic bacterial counts
in all skim milk powder samples surveyet;, TBC; [, thermoduric bacteriad,

thermophilic bacteria.

Fig. 2. Bacterial spores and sulphite reducing clostr{8@RC) counts in all skim milk powder
samples surveyedp, mesophilic aerobic bacterial sporgs;thermophilic aerobic bacterial
spores;A, mesophilic anaerobic bacterial spor&s;thermophilic anaerobic bacterial spores;

*, mesophilic SRC), thermophilic SRCs.

Fig. 3. Highly heat resistant (HHR) spore counts in ailrsknilk powder samples surveyed,
<, mesophilic aerobic HHR spordsdl, thermophilic aerobic HHR sporedy, mesophilic

anaerobic HHR spore%, thermophilic anaerobic HHR spores.

Fig. 4. Species distribution of 269 isolates selected &8 sequencing.

Fig. 5. A pie chart showing the % of the 1B3licheniformis 16S-sequenced isolates

obtained from the different microbiological methadsd.

Fig. 6. Whole genome sequence-based dendrogram of 28eisoleat were previously
identified as B. licheniformis’ using 16S rDNA sequencin@, Bacillus licheniformis; H,

Bacillus sp. H15-1, Bacillus paralicheniformis.



Tablel

Details of the methods used for microbial enumerafi

Test# Name Heat treatment Plate incubation Incubation  Agar medium Reference
Temperature Time Atmosphere Temperature time
(°C) (min) (°C) (days)
1 Total bacterial count (TBC) none none aerobic 30 3 TSA IDF (1991)
2 Thermoduric bacteria 63.5 35 aerobic 30 2 TSA Wehr et al. (2004)
3 Thermophilic bacteria none none aerobic 55 2 TSA ISO/IDF (2009)
4 PresumptiveBacillus cereus none none aerobic 30 2 BACARA FDA (1998); ISO (2004)
5 Mesophilic sulphur-reducing clostridia spores 80 10 anaerobic 30 2 ISA ISO (2003)
6 Thermophilic sulphur-reducing clostridia spores 80 10 anaerobic 55 2 ISA ISO (2003)
7 Mesophilic aerobic bacterial spores 80 10 aerobic 30 3 PCSMA Wehr et al., (2004)
8 Mesophilic anaerobic bacterial spores 80 10 anaerobic 30 3 PCSMA Wehr et al., (2004)
9 Thermophilic aerobic bacterial spores 80 10 aerobic 55 2 PCSMA Wehr et al., (2004)
10 Thermophilic anaerobic bacterial spores 80 10 anaerobic 55 2 PCSMA Wehr et al., (2004)
11 Mesophilic aerobic highly heat-resistant spores 100 30 aerobic 30 3 PCSMA ISO (2013)
12 Mesophilic anaerobic highly heat-resistant spores 100 30 anaerobic 30 3 PCSMA ISO (2013)
13 Thermophilic aerobic highly heat-resistant spores 100 30 aerobic 55 2 PCSMA Wehr et al. (2004)ISO (2009)
14 Thermophilic anaerobic highly heat-resistant spore 100 30 anaerobic 55 2 PCSMA Wehr et al. (2004)ISO (2009)
15 Psychrotrophic aerobic bacterial spores 80 10 aerobic 6 10 PCSMA Wehr et al. (2004)ISO (2003)
16 Psychrotrophic aerobic highly heat-resistant spore 100 30 aerobic 6 10 PCSMA Wehr et al. (2004)ISO (2003)

2When counting plates, all colonies on a plate veerented; TSA, tryptic soy agar; BACARA, BACARNA proprietaryB. cereus culture medium; ISA, iron

sulphite agar; PCSMA, plate count skim milk agar.
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Figure 6.
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Key Genus
DPTC1-51Bacillus
DPTC17-. Bacillus
DPTC6-53Bacillus
DPTC13-. Bacillus
DPTCS5-53Bacillus
DPTC18-5Bacillus
DPTC8-53Bacillus
DPTC9-51Bacillus
DPTC7-53Bacillus
DPTC19-. Bacillus
DPTC23-. Bacillus
DPTC3-55Bacillus
DPTC10-. Bacillus
DPTC4-54Bacillus
DPTC20- Bacillus
DPTC24-. Bacillus
DPTC22- Bacillus
DPTC11-. Bacillus
DPTC21-. Bacillus
DPTC16-. Bacillus
DPTC15-. Bacillus
DPTC2-51Bacillus
DPTC14-. Bacillus

Species
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis
licheniformis

sp. H15-1

sp. H15-1

sp. H15-1
paralicheniformis
paralicheniformis
paralicheniformis
paralicheniformis
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