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ABSTRACT

Three groups of six yearling steers (three rumen fistulated plus three nonfistulated) fed one of threc different grain diets
(85% cracked corn, 15% whole cottonseed and 70% barley, or 85% barley) were inoculated with 10'° CFU of Escherichia
coli 0157:H7 strain 3081, and the presence of the inoculated strain was followed in the rumen fluid and feces for a 10-week
period. E. coli O157:H7 was rapidly eliminated from the rumen of the animals on all three diets but persisted in the feces of
some animals up to 67 days after inoculation, suggesting that the bovine hindgut is the site of E. coli O157:H7 persistence.
A significant difference existed in the levels of E. coli O157:H7 shed by the animals among diets on days 5, 7, 49, and 63
after inoculation (P < 0.05). No significant difference was found between the levels shed among diets on days 9 through 42
and on day 67 (P > 0.05). The number of animals that were culture positive for E. coli O157:H7 strain 3081 during the 10-
week period was significantly higher for the barley fed group (72 of 114 samplings) as opposed to the corn fed group (44 of
114 samplings) (P < 0.005) and the cottonseed and barley fed group (57 of 114 samplings) (P < 0.05). The fecal pH of the
animals fed the corn diet was significantly lower (P < 0.05) than the fecal pH of the animals fed the cottonseed and barley

" and barley diets, likely resulting in a less suitable environment for E. celi O157:H7 in the hindgut of the corn fed animals.
E. coli O157:H7 strain 3081 was present in 3 of 30 (corn, 1 of 10; cottonseed, 1 of 10; barley, 1 of 10) animal drinking water
samples, 3 of 30 (corn, 1 of 10; cottonseed, 0 of 10; barley, 2 of 10) water trough biofilm swabs, 5 of 30 (comn, 0 of 10;
cottonseed, 2 of 10; barley, 3 of 10) feed samples, and 30 of 30 manure samples taken from the pens during the entire
experimental period. Mouth swabs of the steers were also culture positive for E. coli O157:H7 strain 3081 in 30 of 180
samples (corn, 7 of 60; cottonseed, 4 of 60; barley, 19 of 60) taken during the 10-week period. Minimizing environmental

dissemination of E. coli 0157:H7 in conjunction with diet modification may reduce numbers of E. coli O157:H7—positive

cattle.

Since 1982, when it was first identified as a human
pathogen, enterohemorrhagic Escherichia coli O157:H7 has
been implicated in numerous outbreaks of hemorrhagic co-
litis and life-threatening hemolytic uremic syndrome (3J,
32). Epidemiological investigations demonstrate that cattle,
both beef and dairy, are a principal reservoir of E. coli
O157:H7 (17, 38). This association is further supported by
numerous field surveys and trace-back studies that link E.
coli O157:H7 directly and indirectly with bovine sources
(12, 17, 38). Although contaminated and improperly
cooked ground beef has been implicated as the primary
vehicle of transmission (15, 17), foods such as radish
sprouts (23), apple cider (4), unpasteurized milk (6, 26),
mayonnaise (30), yogurt (27), venison jerky (24), and water
(1) have also been linked to E. coli 0157:H7 outbreaks.

Fecal shedding of E. coli O157:H7 in cattle herds is
widespread and intermittent in nature (17, 38). It is well
known that the season and age of the animal have a sig-
nificant effect on the level and duration of fecal shedding
of E. coli O157:H7 by cattle and other ruminants. Several
studies have reported peak fecal shedding of E. coli O157:

* Author for correspondence: Tel: 250-554-5205; Fax: 250-554-5229,
E-mail: veirad @em.agr.ca.

H7 during the spring and summer months (18, 26, 38). It
has also been reported that weaned dairy calves and year-
ling beef cattle at slaughter are more likely to shed the
organism in their feces than adult cattle (14, 19, 36). In
addition to these factors, a number of recent studies suggest
that diet also influences the fecal shedding of E. coli O157:
H7 by cattle (8, 14, 17, 20).

Grain feeding is among the dietary factors that are con-
sidered to be important in respect to E. coli O157:H7 fecal
shedding. Beef cattle are commonly fed energy-rich grain
diets during the finishing periods of beef production before
slaughter, and fecal shedding of E. coli O157:H7 at slaugh-
ter is considered to be a significant source of contamination
for beef (36). Rapid fermentation of grains lowers the ru-
minal and intestinal pH of cattle, favoring acid-resistant E.
coli such as E. coli 0157:H7. Although it has been reported
that grain feeding as opposed to hay feeding favors acid-
resistant E. coli, a more recent study has indicated that the
acid sensitivity of E. coli O157:H7 is not affected by the
diet of cattle (9, 21). Much debate still exists concerning
these findings, and it is not clear if the cattle feeding in-
dustry will advocate management changes until the issue
resolves.

Information provided by numerous farm surveys sug-
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The Synergistic Effect of Excimer and Low-Pressure Mercury
Lamps on the Disinfection of Flowing Water
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ABSTRACT

Microorganisms in flowing water were disinfected by UV radiation from two excimer (excited dimer) lamps (emitting at
172 and 222 nm) in combination with two low-pressure mercury lamps (emitting at 254 nm). Synergies were investigated
among the three types of radiation in the treatment of water spiked in turn with Escherichia coli, Listeria innocua, Shewanella
putrefaciens, and spores of Bacillus subtilis and Bacillus cereus. Synergy was demonstrated between radiations at 222 and
254 nm in the treatment of E. coli, L. innocua, and S. putrefaciens, but little or no synergy was observed in the treatment of
B. subtilis and B. cereus. At maximum flow rates (60 liters/min), 5-log reductions in E. coli were achieved at 254 nm, although
at 222 nm, less than 1-log reductions were observed. No bacterial kill was observed with 172-nm radiation alone, despite
increasing exposure time by reducing flow rates to less than 3 liters/min.

The availability of safe drinking water is essential for
human health and well-being. Water contamination and re-
lated food poisoning incidents cause considerable economic
costs throughout the world (2). The social disruption and
financial consequences are great, and the illness suffered
can be debilitating and sometimes life threatening, e.g.,
Escherichia coli 0157, which has been linked to water-
borne incidents in the UK (12). The requirement for mi-
crobiologically pure water is further necessitated since
some ready-to-eat foods, such as vegetables, are disinfected
by aqueous treatments. The motivation for evolving new
processes or new combinations of processes to disinfect and
clean foods comes also from changing legislation. There
are moves under way to eliminate the use of chlorine in the
microbiological treatment of some foods, and processes that
involve UV (4), ozone (6, 8), gamma irradiation (I, 5), and
pulsed-electric fields (7, 13) are receiving increasing atten-
tion.

Surface water is often contaminated with waste from
animal and human activity. Underground water supplies can
also be contaminated, particularly so in the case of porous
soils in periods of high rainfall. The microbiological safety
limit for drinking water in the UK is less than 1 coliform
per 100 ml. The use of mercury UV light at 254 nm is now
widespread both in the production of potable water and, to
a lesser extent, in the treatment of waste water. The maxi-
mum absorption of DNA occurs at 257 nm. Higher and
lower wavelengths, e.g., 222 nm, are absorbed to a lesser
extent. The UV absorption causes photocleavage (severing),
resulting in bacterial death (5) at relatively small doses (typ-
ically <10 m)/cm~2). Higher doses are required to elimi-

* Author for comespondence. Tel: +44 1224 551132; Fax: +44 1224
685604; E-mail: i.ogden @abdn.ac.uk.

nate some viruses and still higher doses (330 mJ/cm~2) for
Cryptosporidium parvum (10).

Oppenlinder et al. (1/) suggested that bactericidal ac-
tion at 254-nm radiation could be improved by supplemen-
tary radiation from excimer lamps. An excimer is an ex-
cited dimer that is a combination of two adjacent atoms or
molecules that behave as a unit. Excimer lamps, developed
by Kogelschatz (9), make use of the excited dimer fluores-
cence from pairs of atoms that are excited by an electrical
discharge. There are many excimer combinations, some
with pairs of like atoms and others with pairs of different
atoms. At the appropriate gas pressure for a chosen com-
bination, the lamp gives an output of fluorescence centered
on a specific wavelength in a narrow waveband, usually
*5 nm.

Two lamps that exhibit a high, essentially monochro-
matic output are the Xe, at 172 nm and the KrCl at 222
nm. At the lower wavelength of 172 nm, high quantum
energy is produced that is sufficient to hydrolyze water into
hydrogen atoms and hydroxyl radicals (11). The hydroxyl
radical is very short lived however (<10 ws), and the pen-
etration depth of 172-nm radiation in water is very short
(approximately 30 pm). For radiation at this wavelength, a
vacuum is required between lamp and flow tube, and the
envelope materials must be Spectrosil (or an equivalent)
and not Vitreosil (fused silica). Photons at the higher wave-
length, 222 nm, do not require a vacuum or the Spectrosil
material, and they have a much deeper penetration into
clear water, approximately 3 c¢m. In the theory of Oppen-
liinder et al. (11), radiation at 222 nm catalyses the reaction
between hydroxyl radicals (which are created by the 172-
nm radiation) and water itself to produce hydrogen perox-
ide (H;0,) and ozone. These products are weaker oxidizing
agents than the hydroxyl radical but exist for longer periods
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Reservoir

Excimer chamber

Right angle bends
to facilitate mixing

Mercury lamp
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Clamp/constrictor

Waste

FIGURE 1. Schematic diagram of flow through UV disinfection
system.

in water under normal conditions and have some bacteri-
cidal action.

For 172-nm radiation alone, only a marginal outer lay-
er of water would receive treatment, and the hydroxyl rad-
ical would quickly decay as soon as the water flowed out
of the region of excitation. For this reason, the logic of the
theory requires that the 172- and 222-nm lamps should ir-
radiate the Spectrosil flow tube simultaneously, although
the diagram illustrating the theory (11) shows successive
rather than simultaneous excitation by excimer lamps.

By causing mixing of the water with a series of right-
angled bends as the water flows between the excimer cham-
ber (where simultaneous excitation is assumed to have oc-
curred) and the mercury lamp chamber, a dilute, uniform
distribution of H,0, is achieved before radiation by 254
nm. Then, according to Oppenlinder et al. (11), this radi-
ation dissociates the H,O, into pairs of hydroxyl radicals
that are now distributed over the entire cross section. So,
in addition to the killing of bacteria by photocleavage by
the radiations at 222 and 254 nm, there is the additional
antimicrobial action of the hydroxyl radicals. This is the
major source of synergy that is predicted (11) between the
excimer lamps on one hand and the mercury lamps on the
other. This theory also predicts a minor synergy between
the two types of excimer lamp through killing by the less
potent H,0O,.

The objective of this study was to validate the synergy
theory and to develop an improved UV method for the
disinfection of flowing liquids. The effect of excimer and
mercury radiation on gram-positive and gram-negative mi-
croorganisms and bacillus spores was investigated.

MATERIALS AND METHODS

The flow-through system. A flow-through system was built
to connect two UV chambers for dynamic experiments (Fig. 1).
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An elevated reservoir (4 liters) was placed 1 m above the cham-
bers sited on the laboratory bench. The reservoir was linked to a
30-mm-diameter Spectrosil tube in the excimer chamber with sil-
icone rubber tubing. The connections to the 30-mm-diameter Vi-
treosil tube in the mercury chamber via three right-angled glass
(Pyrex) bends were also made using silicone rubber tubing. A final
length of silicone rubber tubing conducted the water under gravity
from the mercury chamber into a waste receptacle on the floor.
This tubing was clamped and released by hand to initiate flow.

Excimer lamps and the excimer chamber. The two lamp
sets (KrCl Excimer and Xe? Excivac laboratory systems) were
purchased from Heraeus Noblelight Ltd, Cambridge, UK. The
steel excimer chamber held a Spectrosil tube (32 mm diameter by
60 cm length) that was submitted to UV light emitted by the two
lamps. Two mirrors of polished stainless steel, curved to focus
the irradiation onto the sample tube, were included. A vacuum
pump created a vacuum to 0.3 mbar in the chamber. Before test-
ing, it was important to exclude air bubbles manually from the
sample tube that would otherwise prevent penetration by the 172-
nm radiation.

Mercury lamp chamber. Two mercury-indium lamps (NNI,
120/80 from Heraeus, each having a discharge length of 80 cm)
were housed parallel to a central Vitreosil sample tube within a
double elliptical reflector (aluminum) to focus radiation from both
sides onto the sample. Such a system prevents shadowing of target
bacteria.

Bacterial strains under test. Isolates from the Applied Food
Group’s laboratory collection included six strains of E. coli (50,
60, 65, 67, 888, and D), three strains of Listeria innocua (GS1,
MMB, and SC1), five strains of Shewanella putrefaciens (Ga2,
Ga3, H1, Nn9, and Ppl), and one strain each of Bacillus subtilis
and Bacillus cereus. E. coli and L. innocua were grown in 10-m!
volumes of tryptone soya broth (Oxoid CM129) at 37°C for 18 h
before use, and S. putrefaciens was grown in 10-ml volumes nu-
trient broth (Oxoid CM1) at 20°C for 24 h. B. subtilis and B.
cereus spores were prepared by inoculation of vegetative cells
onto nutrient agar plates incubated for 3 days at 20°C. The re-
sulting growths were aseptically transferred to 100-ml sterile glass
containers, heated in a water bath to 82°C for 10 min to kill veg-
etative cells, and the spore crops were quickly cooled and stored
at 4°C before use. Different volumes (5 to 15 ml) of microorgan-
isms under test were inoculated separately into the system reser-
voir and aliquots (10 ml) removed to estimate bacterial numbers
by a modified method of Miles and Misra (3).

Disinfection experiments. The mercury lamps were warmed
up for 10 min to reach full power before use. The excimer lamps
warmed up instantaneously. The system was filled with 4 liters of
bacterial suspension, and the flow rate on releasing the clamp at
the output end was measured at 60 liters/min. Aliquots (10 ml)
for bacterial analysis were aseptically collected after 2 liters had
flowed to waste, which was the volume held in the system down-
stream of the second chamber and ensured that the test sample
had been subjected to irradiation.

Synergy experiments. Preliminary tests showed that bacte-
rial kill from the mercury lamps was significantly greater than
with excimer radiation. To observe synergy among all lamps, it
was therefore necessary to reduce the output power from the mer-
cury lamps, set the 172- and 222-nm lamps at the highest power
setting, and increase the contact time between sample and radia-
tion source. The latter was achieved by the application of a con-
strictor on the output tube end of the system. Flow rates of 8
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TABLE 1. Effect of different UV lamp combinations on E. coli
635 in water®

Lamp combinations Number of survivors

Control (no lamps) 4 X 105/ml
172 nm 4 x 105/ml
222 nm 1 X 105/ml
254 nm <1 X 10Y/ml
172 + 222 nm 1 X 10%ml
222 + 254 nm <1 X 10Y/ml
172 + 222+ 254 nm <1 % 10%/ml

2 Flow rate was 60 liters/min.

liters/min were used for E. coli, L. innocua, and S. putrefaciens
and 2.9 liters/min for bacillus spores.

Cleaning the system. Between replicate tests on the same
microorganism, the system was rinsed thoroughly with tap water
to ensure no residual contamination (confirmed by analysis of the
water after such rinsing). At the end of each working day, the
system was soaked overnight with proprietary hyperchlorite at the
recommended strength.

Testing for hydrogen peroxide. The presence of H;0, in
water (after passing through both chambers) was determined using
a test kit (HYP-1, HACH Company, Loveland, Colo.). Ammoni-
um molybdate (1 ml) was added to a 10-ml aqueous sample fol-
lowed by a measured quantity of sulfite reagent. The presence of
H,0, was indicated by a blue color. After 5 min, a specific number
of drops of sodium thiosulfate titrant was added until the sample
became faintly yellow. One drop of thiosulfate was equivalent to
0.2 mg/liter of H,O, in the test sample.

Role of hydrogen peroxide in the disinfection. To test
whether the production of H;O, contributed to synergy between
excimer and mercury radiation, tap water was allowed to flow
through the system at a flow rate of 0.29 liter/min, exactly 10
times slower than the rate of flow used for 222- and 254-nm tests.
Samples for bacterial analysis were taken after 5 s and 10.5 min
under various power settings on the lamps (to maximize H,0,
production). To test whether the production of H;0, by 222-nm
radiation was responsible for the observed synergy, the 222-nm
lamp was switched off and H,O, (Sigma, Poole, Dorset, UK) add-
ed separately at 0.22- and 2.2-mg/liter concentrations to a suspen-
sion of E. coli located within the system.

Effects of temperature and pH. Water under treatment (be-
fore spiking) was left to equilibrate at 6, 18, and 42°C. After spiking
with E. coli, volumes were in turn subjected to 222-, 254-, and
222- + 254-nm radiations at flow rates of 2.9 liter/min. At am-
bient temperature (20°C), the pH of water under treatment was
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adjusted to 4.1 (with HCI) and 10.0 (with NaOH) and compared
with neutral water (pH 7.4) when irradiated with the mercury-
indium lamp alone.

RESULTS AND DISCUSSION

Preliminary disinfection experiments. Table 1 shows
individual and combined effects of excimer and mercury
radiation (all at maximum power) on E. coli 65. At the low
pressure of 0.3 mbar in the excimer chamber, the radiation
at 172 nm by itself had no measurable effect. A flow rate
of 60 liters/min gave a total kill (>10°) of E. coli with the
mercury lamps. Excimer radiation of 222 nm alone pro-
duced a 0.3-log reduction, and subsequent repeat tests gave
similar small reductions. Clearly, the mercury lamp system
had greater bactericidal power than the excimer lamp sys-
tems in killing this microorganism. Replicate runs with the
same strain (E. coli 65), different strains of E. coli, and
suspensions of L. innocua and §. putrefaciens showed sim-
ilar results (data not presented). Bacillus spores, as one
might expect, were more resistant, and lamp combinations
with 254-nm radiation showed on average a 4-log reduc-
tion. The combination of 172- and 254-nm radiation was
not tested.

Synergy experiments. With the flow rates and power
of the mercury lamps decreased, separate experiments were
performed on the five microorganisms being tested. Table
2 shows that synergy between 222- and 254-nm radiations
was indeed observed in the disinfection of E. coli and to a
slightly lesser extent in the treatment of L. innocua and S.
putrefaciens. Little or no synergy occurred in the treatment
of B. subtilis and B. cereus spores. Contrary to the theory
(11), however, the radiation at 172 nm was not a contributor
to this synergy. In all tests at reduced flows in the synergy
investigations, the 222-nm excimer lamp gave slightly
greater bacterial kills than the mercury indium lamp with
all species tested, but it must be noted that the 254-nm
radiation was 5% of maximum power. The data presented
in Table 2 are representative of a number of replicate ex-
periments.

The role of hydrogen peroxide. The results cast doubt
on the role of H,0, in the observed synergy because the
172-nm lamp (supposedly the creator of the hydroxyl rad-
ical that leads to the formation of H,0,) had no microbial
effect as shown in Table 1. When tap water was allowed
to flow through the system at 0.29 liter/min, exactly 10
times slower than the rate of flow when synergy had been

TABLE 2. Effect of different lamp combinations on a range of microorganisms in flowing water

Number of survivors

Lamp combinations E. coli 65° L. innocua GS1° §. putrefaciens Nn9? B. cereus® B. subtilis®
Control (no lamps) 5 % 105ml 8 X 105/ml 7 X 10%/ml 5 X 10%ml 3 X 105ml
222 nm 1 X 10%/ml 3 X 10°/ml 1 X 10%ml 1 X 10%ml 3 X 10%ml
254 nm 3 X 10%ml 1 X 10%ml 2 X 10%ml 7 X 10%/ml 2 X 104ml
222 + 254 nm <1 X 10Yml <1 X 10Y/ml <1 X 10Yml 4 X 10Y/ml 2 X 10%/ml

@ Flow rate was 8 liters/min.
 Flow rate was 2.9 liters/min.
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TABLE 3. Effect of temperature on UV treatment of E. coli 65

Number of survivors

Lamp combinations 6°C 18°C 42°C
Control (no lamps) 2 X 10%ml 2 X 10%ml 2 % 10%/ml
222 nm 6 X 10%ml 5 X 10%ml’ 6 X 10%ml
254 nm 5% 105ml 9 X 10%/ml 9 X 10%ml
222 + 254 om 1X10%ml 2 X 10Y/ml <1 X 10Yml

observed between 222- and 254-nm radiations, and samples
were taken after 5 s, it was found that 0.1 mg/liter of H,0,
had been produced. This applied to any lamp or combina-
tion of lamps and can be regarded as the baseline level.
After 10.5 min, both the 172- and 254-nm radiations sep-
arately produced that baseline level (0.1 mg/liter). By con-
trast, after 10.5 min of irradiation at 222 nm, the sample
contained approximately 2.2 mg/liter of H,O,. This result
was irrespective of vacuum application. The quantity pro-
duced was unchanged when the mercury lamp was also
switched on. The other lamps neither produced nor de-
stroyed H,O,. In our tests and contrary to the theory, H,0,
was produced by 222-nm radiation alone.

When the 222-nm lamps were switched off and 0.22
and then 2.2 mg/liter of laboratory H,0O, added to a prep-
aration of E. coli, it was found that after irradiating at 254
nm (at the same flow rate as had been used in the synergy
demonstrations) bacterial kill was the same as with the mer-
cury lamp alone. Hydrogen peroxide had made no measur-
able contribution to the kill and was unrelated to the ob-
served synergy. There is a possibility that surviving bac-
teria, i.e., those not killed by the 222-nm radiation, were
injured to the degree that subsequent radiation at 254 nm
would result in death. We propose this as the explanation
of the observed synergy rather than the complicated de-
scription in the literature (1]) involving 172-nm radiation
and H,0,.

Effects of temperature and pH. The effect of tem-
perature on the UV treatment of bacteria is shown in Table
3. For the range of 6 to 42°C, the bacterial kill of E. coli
increased with temperature at 222-, 254-, and 222- + 254-
nm radiations, but from an industrial perspective, it is un-
likely that the cost of raising water temperature could be
justified. The reason for the effect of temperature was un-
clear.

The effect of pH was assessed because its value in
water varies widely across the United Kingdom. In areas
of high peat content, the value can be less than 4, and in
areas containing limestone, it can be more than 8. The num-
ber of survivors of E. coli in tests at pH values of 4.1, 7.4,
and 10.0 showed no significant difference under radiation
at 254 nm.

This work showed that H,O, was formed by the 222-
nm lamp acting alone. Any additional H,O, formed when
supplemented with 172-nm radiation was not detectable,
presumably because of the low penetration (<30 pm) of
172-nm radiation into water. No H,O, was formed by the
mercury lamps at any intensity tested. The amount of H,0,
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formed by the 222-nm lamp is very small and, with the
flow rate reduced to 0.29 liter/min, 2.2 mg/liter of H,0,
was produced as measured by a chemical detection method.
Separate addition of this amount of H,O, to E. coli pro-
duced no reduction in viable numbers.

This study showed that several points from the litera-
ture (11) were either incorrect or imrelevant to studies of
microorganisms in.liquids. First, no contribution was veri-
fied from the 172-nm lamp in experiments with water
spiked with bacteria. This was most probably because the
penetration of the 172-nm radiation into the water was so
much shorter than the penetration of the other two radia-
tions (222 and 254 nm). Second, hydrogen peroxide was
formed in water by radiation from the 222-nm lamp alone.
The presence or absence of a vacuum made no difference,
but the concentration was small compared with the concen-
trations found by others to have a bactericidal effect (14).
Third, the small concentration of H,0, did not contribute
to the observed synergy between exposures at 222 and 254
nm.

‘We assume that synergy occurred, because, under suit-
able conditions of flow rate and bacterial concentration,
some of the bacteria that survive 222-nm irradiation were
damaged and were further killed by subsequent 254-nm ra-
diation. Synergy between the sterilizing effects of irradia-
tion at 222 and 254 nm in aqueous solutions has been es-
tablished in the case of E. coli, L. innocua, and S. putre-
faciens but at insignificant levels for the bacterial spores of
Bacillus spp.

In conclusion, this study confirmed the feasibility of
254-nm radiation from low-pressure mercury lamps as a
means of disinfecting clear water. Large bacterial reductions
were achieved at high flow rates (60 liters/min) using max-
imum intensity optimized by focusing lateral radiation with
elliptical reflectors of polished aluminum. When supple-
mented with excimer radiation at 222 nm, no additional
bacterial kill was observed at flow rates high enough to be
of value to industry. Excimer radiation at 172 nm had no
measurable bactericidal action.

The design of elliptical reflectors within the mercury
lamp housing is subject to patent application UK
9902773.2.
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