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Introduction

Abstract

Aims: To determine the effect of UV radiation on the viability of two strains
of Mycobacterium avium ssp. paratuberculosis (Map) inoculated into milk.
Methods and Results: Mycobacterium avium ssp. paratuberculosis in a ultra heat
treated milk matrix was subjected to increasing doses of UV-C radiation from
0 to 1836 mJ ml™' using a pilot-scale UV reactor (20 1 capacity). Survival of
Map was monitored by culture on Herrold’s egg yolk medium, Middlebrook
7H10 medium and the FASTPlaqueTB™ phage assay. Differences in sensitivity
to UV treatment were observed between strains, however, at 1000 mJ ml™! a
Map kill rate of 0-1-0-6 log;o was achieved regardless of strain used or method
employed to enumerate Map. Although the inactivation trend was similar on
the culture and phage assay, the former gave a consistently higher viable count.
Conclusions: The use of UV radiation alone does not represent an alternative
to current pasteurization regimes for a large reduction in viable Map in milk.
Significance and Impact of the Study: To the authors’ knowledge the work
here represents the first pilot-scale UV treatment process used to assess UV
efficacy to inactivate Map in milk. The results are similar to those obtained
with a laboratory-scale process indicating the difficulties associated with UV
treatment of an opaque liquid and the recalcitrance of Map towards inimical
treatments.

The possible presence of Map in raw milk is com-
pounded by the fact that there is evidence the organism

Mpycobacterium avium ssp. paratuberculosis (Map) is the
known cause of Johne’s disease which affects both wild and
domestic ruminants (Beard et al. 2001), particularly dairy
cattle (Clarke 1997). The organism has also been implicated
as a cause of Crohn’s disease in humans that manifests as a
chronic enteritis which is incurable, although sufferers can
experience periods of remission (Behr and Kapur 2008).
Myco. avium ssp. paratuberculosis is excreted directly into
the milk and faeces of infected animals in low and very high
numbers respectively (Cocito et al. 1994). In the latter case
even with good hygienic practices some faeces inevitably
finds its way into milk. Milk and milk products must
therefore be considered possible routes of exposure to the
public from this organism.
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may, under certain conditions, survive the milk pasteuri-
zation process (Grant 2005). Therefore, in the absence of
a treatment guaranteed to kill any Map present, the dairy
industry is investigating other processes, either to replace
or as an adjunct to pasteurization, that are demonstrably
lethal for Map. Such a process would, of necessity, as well
as being effective need to be economic, continuous rather
than batch, not involve addition or removal of chemical
agents to retain the natural image of the product and
produce minimal organoleptic changes. Examples of such
processes that have been investigated to date are use of
high pressures (Donaghy et al. 2007) microfiltration and
bactofugation (Grant et al. 2005). These have shown vary-
ing degrees of success but to the authors’ knowledge have
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not been widely adopted by the dairy processing industry
for the purpose of dealing with the Map issue.

One additional process that has received some attention
is the use of UV radiation. This has been widely used for
the disinfection of air, surfaces, water and fruit juices
(Bintsis et al. 2000; Guerrero-Beltran and Barbosa-Canovas
2004). Disinfection using UV radiation is a process that
can be simple and effective at low cost in comparison to
other treatment methods (Bachmann 1975), lethal to most
types of micro-organisms (Bintsis et al. 2000), does not
generate chemical residues or change the sensory charac-
teristics of the final product (Guerrero-Beltran and Barb-
osa-Canovas 2004) and be applied as a continuous process.

UV radiation treatments have been applied to milk,
indeed Matak et al. (2005) reported a >5 log;, reduction
in viable bacterial numbers in goat’s milk after a cumula-
tive UV dose of 158 + 16 mJ cm 2. Reinemann et al.
(2006) found a 3 log;o reduction in total viable bacterial
count in raw cow’s milk using a treatment of 15 kJ I
In more relevant work Altic et al. (2007), using a dose of
1000 mJ ml™", found a reduction in viable Map of 2:5-
3-3 and 0-5-1-0 log;, when Middlebrook 7H9 broth and
milk were the suspending menstrua respectively. It is
interesting to note that in the work of Altic et al. (2007)
in addition to conventional culture a commercially avail-
able phage amplification assay, FASTPlaqueTB was used
to give a more rapid enumeration of viable Map cells. In
addition, with Altic et al. (2007) the laboratory apparatus
incorporated static mixers which caused turbulent flow
thereby increasing the volume of milk exposed to the UV
source. Indeed designers of UV treatment devices for opa-
que fluids have adopted a wide variety of approaches to
achieve the necessary turbulent flow. This must be seen in
the context that not only does the effectiveness of UV
penetration of the product depend on light source, prod-
uct composition, flow profile but also on the geometric
configuration of the equipment (Guerrero-Beltran and
Barbosa-Canovas 2004). Therefore, even if all the other
factors are the same, the resultant lethality of the process
will be different if the geometric configuration is changed.
It should be recognized that although milk and Map were
the suspending mentruum and target organism respec-
tively in both the work of Altic et al. (2007) and that
reported here the method and extent of turbulent flow
generation and the scale of milk processed were signifi-
cantly different in both systems used.

In the work reported here Ultra Heat Treated (UHT)
whole milk was spiked with Map and subjected to UV-C
radiation using a pilot plant scale UV-C reactor which
incorporates a mechanism to create turbulent flow condi-
tions. Surviving Map cells were enumerated using the
FASTPlaqueTB assay in conjunction with viable plate
counts.

J. Donaghy et al.

Materials and methods

Map strains

Two Map strains were tested: a type strain ATCC 43012
(obtained from the National Collection of Type Cultures,
London, UK) and strain 806R, originally isolated from
raw cows milk (Grant et al. 2002; kindly provided by
Dr. I. Grant, School of Agriculture, Food and Land Use,
Queens University of Belfast, Belfast, N. Ireland, UK).

Preparation of inoculum for UV treatment

Each strain was grown on Herrold’s egg yolk medium
(HEYM) containing 2 ug of mycobactin J ml™! (Synbiotics
Europe SAS, Lyon, France) (6 weeks, 37°C). A single col-
ony of each strain was transferred into Middlebrook 7H9
broth medium containing 10% v/v Middlebrook OADC
(oleic acid-albumin-dextrose-catalase; Becton Dickinson
UK Ltd, Oxford, UK), 0-5% v/v Tween 80 (Sigma, Dorset,
UK), and 0-0002% w/v mycobactin J. Culture broths
(200 ml), for each strain, were incubated (with agitation,
100 rev min~ ') at 37°C for 8-10 weeks. Cells were har-
vested by centrifugation (4000 g, 20 min) and re-sus-
pended in 20 ml phosphate buffered saline (PBS; Oxoid,
Basingstoke, UK). Cell suspensions were agitated with a
Vortex Genie 2 (Scientific Industries Inc., Bohemia, NY,
USA) for 3 min to disperse large clumps of Map. Triplicate
experiments were performed for each strain.

Operation of laboratory-scale UV process

The spiked milk was processed using a UV-C reactor
manufactured by Surepure Ltd, Milnerton, South Africa.
The reactor consisted of a stainless steel inlet and outlet
chamber separated by a stainless steel corrugated spiral
tube containing a UV germicidal lamp (100 W output,
30 W UV-C output) which is protected by a quartz sleeve
(Fig. 1). The liquid flows between the corrugated spiral
tube and the quartz sleeve. The tangential inlet of the
reactor creates a high velocity and turbulence in the inlet
chamber and brings the liquid into contact with the UV
radiation. A positive displacement pump is used to trans-
port the liquid from the inlet chamber into the actual
reactor, which is the gap between the quartz sleeve and
the corrugated spiral tubing, at a minimum flow rate (Fr)
of 3800 1 h™! with a Reynold’s value (Re) in excess of
7000 indicative of turbulent flow. The UV source was
used to treat 20 | batches of milk which was circulated at
a flow rate of 4000 1 h™". The time for the milk to pass
through the system once was 18 s, delivering a UV-C
dose of 2295 17! for each pass. The contact time was
determined theoretically and assumed that the system was
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Figure 1 Schematic drawing of the pilot- 7 [
scale Surepure UV-C treatment system.

in steady state with a uniform product and product flow
and that the liquid was nonexpandable and nonvolatile.
For health and safety purposes the UV lamp and sam-
pling port of the equipment was located in a Class 1
microbiological safety cabinet during treatments. Between
runs the equipment was disinfected and washed using
NaOH (1-5% w/v; 10 h treatment) and sterile distilled
water respectively.

UV inactivation of Map in milk

Twenty litres of retail UHT whole milk were inoculated
with 20 ml of Map suspension in the stainless steel tank
of the UV reactor. With the UV lamp switched off, the
flow rate was stabilized to 4000 1 h™' and after one pass
through the system (18 s), the flow rate was reduced and
2 X 150 ml samples were aseptically collected from the
sampling port. (sample OB — no UV treatment before
agitation). The flow rate was returned to 4000 1 h™" and
the milk circulated for a further five passes (1-5 min)
without the UV light switched on and milk sampled
(sample OA — no UV treatment after agitation). This was
to ensure mixing of the Map culture with milk, to create
turbulence and de-aggregate Map clumps prior to UV
treatment. Two samples (150 ml) were collected at 6, 12,
18 and 24 min (corresponding to 20, 40, 60 and 80 passes
respectively) after the UV lamp was switched on and the
flow rate was consistent at 4000 1 h™'. The UV lamp was
turned off and the flow rate reduced to a minimum at
each sampling time.

Enumeration of viable Map pre- and post-UV treatment

All microbiological analyses were performed within 2 h of
UV treatment. Following UV treatment, samples were
vigorously shaken and 1 ml aliquots of treated spiked
milks were decimally diluted in maximum recovery dilu-
ent (MRD; Oxoid). Where low numbers of Map survivors
were expected, cells in a 10 ml aliquot from the treated
sample were concentrated by centrifugation (4000 g,
20 min) and re-suspended in 1 ml MRD.

© 2009 The Authors

Positive displacement pump (30 W UV-C output)

Appropriate diluents of all samples were inoculated
(200 ul) and spread onto deep (30 ml) plates of each of the
following media: Herrold’s Egg Yolk Medium (HEYM)
which contained (I™'): bacteriological peptone (Difco,
Detroit, MI), 9-0 g, sodium chloride 4-5 g, bacteriological
agar No. 1 (Oxoid) 153 g, beef extract (Sigma) 27 g,
sodium pyruvate (Sigma) 4-1 g, glycerol (Sigma) 27 ml,
0-01% w/v malachite green and 100 ml sterile egg yolk;
Middlebrook 7H10 agar consisting of Middlebrook 7H10
agar base (Becton Dickinson UK Ltd) supplemented with
10% v/v Middlebrook OADC enrichment and 0-5% v/v
glycerol. All culture media were supplemented with
2 ug ml™" mycobactin J. Agar plates were sealed with Dura-
seal™ (Sigma) to minimize the drying of agar during incu-
bation. All media were incubated at 37°C for up to
18 weeks and colonies typical of Map on the agar medium
were counted. A representative number of typical and atyp-
ical colonies were confirmed by Ziehl-Neelsen acid-fast
staining and 1S900 PCR (Donaghy et al. 2007).

FASTPlaque TB phage assay

The FASTPlaque TB assay (Biotec Laboratories Ltd.,
Ipswich, UK) was originally developed to detect Myco-
bacterium tuberculosis in human sputum samples but has
been shown to be suitable for detection of Map. It should
be noted that as a phage amplification step, which
requires an active metabolism on the part of its host, is
integral to the assay it will only detect viable Map cells in
this application. The assay consists of sufficient lyophi-
lized Actiphage and sensor cells (M. smegmatis), Virusol
(viricide), broth, growth supplement, agar and vials
sufficient for 50 tests and was used according to the
manufacturer’s instructions. Essentially duplicate 1-ml
aliquots of three dilutions of inoculated milk or UV-trea-
ted sample were incubated with Actiphage at 37°C for
1 h, treated with Virusol for 5 min and mixed with rap-
idly growing sensor cells and the entire sample transferred
to an empty Petri dish to which 5 ml of molten (55°C)
FASTPlaque agar was added. The solidified plates were
incubated at 37°C overnight (18 h) before the number of
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plaques present (presumed equivalent to the number of
viable Map present in the sample) was counted and the
result expressed as the number of PFU per ml.

Results

Initial agitation did not result in a significantly
(P < 0-001) higher plaque or plate count. Although the
trend in Map inactivation was similar between methods
used to enumerate surviving cells, there was a significant
difference (P < 0-001) between the viable count index
obtained with the FASTPlaque assay and the plate count
with the former giving a consistently lower value of
approximately 0-5-2-0 log units. Strain ATCC 43012
(called Linda, a clinical isolate from a Crohn’s patient)
was significantly (P < 0-001) less resistant to UV radiation
than strain 806R (isolated from raw cow’s milk in our
laboratory). A quadratic relationship between UV-dose
and Map survivors was established in this study (Fig. 2)
whereby after reaching a defined dose rate the number of
survivors decreased more rapidly.

Discussion

In the work reported here UHT whole milk was used as
the heating menstruum to eliminate background microfl-
ora thus obviating the need to use decontamination pro-
cedures or antibiotic cocktail supplements and hence
maximize the detection of injured Map cells. It was also
noted that in a similar study Altic et al. (2007) detected
no significant difference (P < 0-258) on UV inactivation
of Map between UHT whole and semi-skim milk. The
lack of a significantly higher plaque or plate count after
initial agitation indicates that either there were few

Logso CFU/PFU mI™!
w

oB 0A 459 918 1377
UV treatment mJ mi~!

1836

Figure 2 Inactivation of Map strains ATCC 43012 (O) and 806R (m)
by UV-radiation measured by CFU (—) and PFU (- — —) count.
OA, Zero UV treatment after agitation; OB, Zero UV treatment before
agitation.
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clumps initially and/or that insufficient shear force was
generated to disrupt those present.

The consistently lower viable count index values
obtained with the FASTPlaque assay compared with the
plate count was also observed by Altic et al. (2007) with
Map and by the manufacturer of the FASTPlaque assay
with M. tuberculosis. Three possible explanations for this
discrepancy have been advanced by personnel from Biotec
Laboratories who developed the FASTPlaque assay viz. an
intrinsic property of the Map phage relationship, a char-
acteristic of the assay which was originally optimized for
M. smegmatis or a cell state issue (Andre Trollip and
Richard Mole, personal communication to Dr I. Grant,
Queen’s University of Belfast).

The differences in response to UV radiation between
the strains is in contrast to that of Altic et al. (2007) who
used NCTC 8578, a bovine isolate from faeces, 796PSS,
an isolate from pasteurized milk and 806R as used in the
work reported here.

The quadratic relationship between UV-dose and Map
survivors established in this study (Fig. 2) indicated that
at 1000 mJ ml™" the kill rate achieved was in the range
0-1-0-6 log;o depending on strain and method used. Altic
et al. (2007) reported a kill rate between 0-5 and 1-0 log;,
at a similar UV dose albeit using different UV equipment
and smaller milk volumes. These authors observed a
much greater Map kill when the menstruum used was
mycobacterial growth medium compared to semi-skim or
whole milk. A similar effect was observed when UV-C
treatment was applied to orange juice and fruit nectars
compared to a clarified, clear apple juice (Keyser ef al.
2008).

The two strains used in this study were considerably
more resistant to UV compared to Listeria monocytogenes
since Matak et al. (2005) achieved a greater than 5 log;,
reduction in viable numbers with a dose of only
158 + 1:6 mJ cm >. The equipment used differed from
that used in this study which make comparisons difficult.
However, Reinemann et al. (2006) used the same Sure-
pure system as used in this study to determine the UV
effect on standard plate counts, thermophiles, psychro-
trophs, coliforms and spore-formers in raw cows milk.
The respective log;, reductions at a UV dose rate of
1000 mJ ml™! were: 1-92, 1-42, 208, 2-48 and 0-36. There-
fore, Map shows similar UV resistance to spore-forming
micro-organisms and is much more resistant than the
major microflora associated with milk. This greater UV
resistance of mycobacteria over other bacterial genera has
been observed previously (Collins 1971; Peccia and Her-
nandez 2004; Shin et al. 2008).

It should be recognized that the maximum dose
applied in the work reported here (1836 mJ ml™") exceeds
1000 mJ ml™" which is thought to be the dose limit at
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which undesirable organoleptic changes are generated.
The conclusion to the work is the same as that of Altic
et al. (2007) that UV treatment using the process
described here is not a viable alternative to current pas-
teurization regimes for liquid milk which achieve approx-
imately 4 log;o reductions in Map. It would be a logical
extension to the current work to determine the efficacy of
UV treatment combined with pasteurization with respect
to Map. There is also scope to improve the turbulent flow
characteristics of the machine and increase the intimate
contact of the milk menstruum with the UV radiation. It
should however be born in mind that such turbulence
may destroy the milk fat globule membrane and increase
the lipid substrate surface area to the action of intrinsic
and microbial lipases leading to rancidity.
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