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Persistence of MS-2 and PRD-1 bacteriophages in an ultrapure
water system
RA Governal* and CP Gerba?
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The persistence of bacteriophages MS-2 and PRD-1 was evaluated in tap water, in reverse osmosis (RO) permeate,

and in three locations within an ultrapure water system; ultrapure samples included pre- and post-UV sterilization

and post-mixed bed ion exchange tank. The inactivation rates for MS-2 were calculated as log 10 reduction per hour
and per day: k =- (log,, C/C,)/t. PRD-1 was found to persist with no significant loss of infectivity in all water purity
environments evaluated. Inactivation of MS-2 was dependent on water quality and pH. Short-term inactivation rates

for chlorinated tap water, post-RO, pre-UV, post-UV and post-ion exchange sample locations were 0.028, 0.455, 0.231,
0.191 and 0.168 log 1, h™, respectively. Long-term inactivation rates for chlorinated tap water, post-RO, pre-UV, post-

UV and post-ion exchange sample locations were 0.485, 0.911, 0.605, 0.632 and 0.684 log 10 day 1, respectively. Since
phages were found to remain intact as well as to lyse in the ultrapure water environment, the phages have the
potential to contaminate the ultrapure water environments of the microelectronics, pharmaceutical and power gener-

ation industries in both colloidal and dissolved form. Further work is proceeding to generate standardized and cost-
effective methods to detect viruses in water environments.
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Introduction meration of viruses in ultrapure water systems, or at the
oints of water use.

The microelectronics industry has made extraordinar Although bacteria have been given some attention in the

ag;ilsnceosrégrdg;/ '?ﬁamrﬁ?uudfg(:tg sn(?a% ai?oc: Sn()iE)géeeSVicl:ne rgg?nq_ﬁltrapure water environment [8], viruses have not received
y y 9 imilar study. One explanation for this phenomenon

?,\l/?g()'t'fés\’/errsa \gu%s&%i; hzntdetz:f;r:]olggéistrtlz ;g?nénfgsﬁgé%vo_lves the relative size of viruses compared to the critical
logies to the gigabyte (Gb) regimes and beyond in a fe a[rg]clehsme or “killer ?effect’ size [9]. '?‘js shown 'Q Table

- ; , the summary of future semiconductor product size
years. The devices are currently manufactured in nearly on ows that today’s circuits are constructed with line widths

hundred specific processes that, when assembled, create aller than a typical 1z sized bacterium, but larger than

three-dimensional microelectronic processors that are inte- . - . )
P a 50-nm sized virus. A killer defect can occur on today’'s

gral components of today's personal computers. A signifi- ircuits when a particle of 80 nm deposits on a device with

cant fraction of these process steps involves a rinse ste@ 350-nm line width [9]; however, in 1998, it is projected

where the microelectronics devices are contacted with ultrath - . !
. : at a 50-nm sized particle can cause a killer defect when
pure water; the quality of the ultrapure water is thereforedeposited on a de\?ice with a 250-nm line width. Since

critical to the overall microelectronics device manufactur-Viruses are in the size ranges of 50 to 500 nm [2] and since

ing pr . . . . . . - 20
guﬁrgcﬁfs water is a dvnamic entity whose definition hasthe microelectronic devices will continue to decrease in size
P y Y and increase in complexity, the importance of viruses in

changed as the device contamination limits have become . . o
more stringent (Table 1). In the case of ultrapure water, atlJItrapure water used in the microelectronics industry should

contaminant is typically defined as any element or chemic ncreljldse. The groblems asdsocr:ateq W'tr} VIUSes e}ng their
compound that isn’t K OH-, or H,0. Major measurables reab own pro uctsoI toyvr?r sht e mlcfroe ectronics industry
of the quality of ultrapure water can include total oxidizable may be encountered within the next few years.

TP i Unlike potable water treatment systems [12], chemical
carb_on .(TO.C)' resistivity (@ reasure of the total IONIC CON-, jditives such as chlorine [11], chloramines, halogens and
tamination in water), viable bacteria (colony forming units

per liter, CFU -2, silica in parts per billion (ppbyg L), transition metals such as copper [4,13] and silver [11] can-

coloidl parices (count pe it 0.5, ameterang "% be Used for disnecton n the uvapure water nvion:
larger), and elemental chemical contaminants from alumi-

num to zinc. It is important to understand that equivalentgiusrseoﬁl 2I3t§zgfr1:?:\s[7t]).eeonnlr>é£en?zseed ?:1 :Laecﬁlt?;nol,#gt\fva;fer
standards do not at this time exist for the detection or enu- . : gniz o P
environment as a potentially effective anti-microbial agent.

Although proven as a non-specific oxidizing agent, ozone

Correspondence: RA Governal, Director, International Innovative Techno-decays upon reaction to dissolved oxygen. Dissolved OXy-

logies, 2709 West San Paulus Road, Tucson, AZ 85746, USA gen, as ShOV_Vn in Table 1, is also Vie_We‘d by many as a
Received 16 September 1996; accepted 3 January 1997 contaminant in the ultrapure water environment and there-

fore may have to be minimized.




Persistence of bacteriophages in an ultrapure water system
RA Governal and CP Gerba

298

Table 1 Evolution of ultrapure water quality guidelines

Measure Ultrapure Ultrapure Ultrapure Ultrapure
water water water water
(1985) (1988) (1992) (1996)
TOC (ppb) <20 <10 <5 <0.5
Resistivity (M(2-cm @ 25°C) 17.9 18.0 18.2 >18.2
Viable bacteria (CFU per liter) <60 <50 <10 <0.1
Silica (ppb) 5 3 1 <0.5
Particles (cpm@ 0.05um) N/A N/A 1000 <500
Dissolved oxygen (ppb) N/A N/A 100 <15
Aluminum 2 0.05 0.05 <0.05
Barium N/A 0.05 0.05 <0.05
Calcium N/A 2 <2 <0.1
Chloride 0.05 <0.05 <0.05 <0.05
Copper 0.02 <0.02 <0.02 <0.02
Iron 0.1 0.1 <0.02 <0.005
Lithium N/A 0.05 <0.05 <0.05
Magnesium N/A 0.05 <0.05 <0.05
Manganese 0.5 0.05 <0.05 <0.01
Potassium 0.3 0.1 <0.1 <0.1
Sodium 0.2 0.1 0.05 <0.05
Sulfate 0.1 0.05 <0.05 <0.05
Zinc 0.1 0.05 0.02 <0.02
Table 2 Summary of future semiconductor product characteristics 6 T T T T T
Type 1995 1998 2001 2004 2007
5 r i
Line width? (um) 0.35 0.25 0.18 0.13 0.10
DRAM (bits) 64M  256M 1G 4G 16G
aLine width: the limiting distance between component connections on ar 4 r 7
electronic circuit. If a line is damaged, communication between the device © .a
components will not occur correctly and result in a defect. It is important E |0 SEEE o EEEEE B----- g----
to note that a defect can result from the deposition of a particle that is i~
fraction of the actual line width. q:_S' 3 r ]
(=}
o
This study was designed to evaluate the persistence ¢ o5 | |
the bacteriophages MS-2 and PRD-1 in various treatmer 3
stages of an ultrapure water production facility.
. 1+ -
Materials and methods
Water
Source water from the Martin Street well, located at the 0 L L L L L
University of Arizona, Tucson, Arizona was transported to 0 1 2 3 4
a pilot Ultrapure Water Pilot System [7]. Chemical and Time (h)

physical properties of water samples (Table 3) including pH

and free chlorine were determined according to Standardigure 1 Short-term survival of bacteriophage PRD-1 in city water
Methods for the Examination of Water and Wastewate{(©—0), post-RO water @ - - @), pre-UV water 7 --- V), post-UV
Analysis [1]. Total organic carbon (TOC) and resistivity &€ ¢ = V) and postIE water(g ..... 0).

were measured using an Anatel A-100 on-line TOC moni-

tor (Anatel, Boulder, CO, USA). One-liter high density  broth (TSB; Difco, Detroit, Ml, USA) atG%vithout
polyethylene containers were used to collect water sampleshaking, were used to inoculate fresh TSB. These inocula

The containers were rinsed with ultrapure water and steril-  were incubated for 3—6 PCat@% continuous shaking
ized prior to use by autoclaving. Water was stored 421 to obtain a fresh culture. Stock MS-2 (ATCC 15597B) and
for the duration of the experiment (10 days). PRD-1 were serially diluted in Tris buffer pH 7.3 (Trizma
base; Sigma, St Louis, MO, USA) to approximate concen-
Preparation and assay of purified coliphages MS-2 trations of 16 pfu mi. To tubes of molten overlay agar
and PRD-1 (TSB with 1% agar), 0.1-ml MS-2 phage dilution and 1-

Cultures ofEscherichia col{ATCC 15597) andsalmonella ml E. coli culture as well as 0.1-ml PRD-1 phage dilution
typhimurium(ATCC 19585), grown for 18 h in tryptic soy  and 1-r8l. typhimuriumculture were added and mixed.
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Table 3 Physical and chemical properties of water used in this study ence. The data were also calculated as the meap NN, 299

pfu mI=, which expresses the reduction in viral numbers

Selected pH  TOC Resistivity Free £l at each time intervalN, andN, are the final and the initial

e ment bgl™  (MO-cm) (mg L) numbers of viruses, respectively. The Studenhtsst [10]
was used for analysis of variance to determine significant

Tap water 76 1000 0.0025 0.02 differences in the inactivation rates among the various

Post-RG 8.9 100 1.0 0.0 water environments.

Pre-U\ 6.7 35 18.1 0.0

Post-UV° 6.4 2.5 17.0 0.0

Post-IE 7.0 3.0 18.2 0.0 Results

“RO: reverse oSMoss. The uItrapur(_e water system was designed to produce water
bUV: ultraviolet sterilizer. with contaminant levels at or below those recommended

°IE: mixed bed ion exchange tank. for ultrapure water in 1992 (Table 1). Chemical analyses

of selected water samples were performed and the results

are shown in Table 3. The TOC, conductivity (reciprocal
The mixtures were poured into petri dishes containing tryp-of resistivity), and the free chlorine level decreased as the
tic soy agar (TSA, Difco). After 18-24 h at 3¢, 6—7 ml water proceeded through the treatment components. The
Tris buffer was added to plates with confluent plaques anghH, however, increased from 7.6 to 8.9 as the water passed
allowed to incubate further for a maximum of 1 h to induce  through the reverse osmosis unit. The pH of the ultrapure
the phage particles to the agar surface for separation ansater returned to 7.0 as the water recirculated in the pol-
concentration. The liquid fraction was recovered from the  ishing loop of the ultrapure water pilot system.
plates and centrifuged (153@0g for 10 min at 10C), and No apparentR = 0.05) decrease in the concentration of
the resulting supernatant was centrifuged again (100000 PRD-1 phage was noted in the time interval used for analy-
g for 3h at 10C). The pellet was resuspended in sterilesis, nor was any apparent decrease in concentration noted
Tris buffer and stored at°€. The phage stocks were titered as a function of water purity (Figure 1).
prior to use. Significant decreases in the concentrations of MS-2 were

Serial dilutions were made in Tris buffer, added to test  observed in the different types of water. The MS-2 phage

tubes containing 3 ml of molten overlay agar and 1 ml ofwas inactivated by less than 0.1 log in the tap water
3- to 6-h cultures oE. coli andS. typhimuriumand poured environment over a 4-h time period (Figure 2); however in
onto TSA plates. The plates were incubated for 18—-24 h atiltrapure water, inactivation proceeded rapidly. The high
37°C, after which the plaques were enumerated and the log pH environment provided by the reverse osmosis permeate
reduction and inactivation rates of MS-2 and PRD-1 werewas found to be the most aggressive environment of those
calculated. studies; over the 4-h time period, the concentration of MS-

Experimental design
Water for this study was collected: (i) at the tap; 6 . T T T T
(ii) downstream of the reverse osmosis unit (Post-RO)
(Millipore, Bedford, MA, USA); (iii) upstream of the ultra-

violet sterilizer (Aquafine, Valencia, CA, USA) in the pol- 5 F
ishing loop [7] of the ultrapure water system (Pre-UV);
(iv) downstream of the ultraviolet sterilizer in the polishing °T
loop of the ultrapure water system (Post-UV); and 4 e _ e -V
(v) downstream of the mixed bed ion exchange [7] tank in % '
the polishing loop of the ultrapure water system (Post-IE).= \
Experiments were performed in duplicate at room tempera<_
ture (23 2°C). Purified stock viruses were added to the 2 3 r ®
various samples at time zero. At time intervals of 0, 1, 2, Q“o

af

te

3,4h and 1, 2, 4, 7, 10 days, 1-ml samples were assaye
in triplicate for bacteriophage concentrations. The experi-
ments were run in triplicate.

~

Q
—

Data analyses 1+ _
Linear regression analyses were used to calculate inact
vation rates for each experimental system. The inactivatiol
rate k) can be expressed by the equation: 0 ! ! ) |

0 1 2 3 4
Time (h)
where C, and G, are the final and initial viral concen- Figure 2 Short-term survival of bacteriophage MS-2 in city water

trations, respectively, andrepresents time in hours for the (©0__0), post-RO water® - @), pre-UV water 7 - V), post-UV water
short-term persistence and days for the long-term persis{¥ ---- ¥) and post-IE water({ ..... ).

k = - (10g,0 C, /Cy)/t
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6T environment including hydroxyl and superoxyl ions have
relatively long lifetimes; these reactive radicals can effec-
tively oxidize matter on contact in the water environments.
- It has also been previously demonstrated that MS-2 is sensi-
tive to inactivation above pH 9.0 [3].

In the case of the aggressive solvent-like nature of ultra-
pure water, the virus surfaces (capsid, tail fibers, etc) may
be attacked through the mechanism of direct oxidation
when exposed to these environments. The virus head can
degrade and lyse from the action of the reactive radicals in
the ultrapure water environment [6]; dispersions consisting
of capsid fragments, tail fiber fragments as well as partially
. oxidized viral genetic material can be released into the
2 r RS 1 water environment, potentially into the points of use and
S . iy can have the potential to contaminate the product. Based on
Y Yoot previous work [7], it is speculated that these viral reaction
1+ P o products will be composed of low molecular organic com-

~ ~ ‘v pounds that can be highly recalcitrant in ultrapure water
- _ - systems.

1

10

pfu/liter

10

Log

| L There exists a significant difference between the inacti-

0 1 2 3 456 7 8 9 vation rates of MS-2 and PRD-1 in different waters. PRD-

1, a DNA virus, is more thermally stable in water environ-

Time (days) ments [13] than MS-2, an RNA virus. This may be due to

Figure 3 Long-term survival of bacteriophage MS-2 in city water the gre_ater stability of DNA in water environments than
(O — O), post-RO water® - @), pre-UV water [ — V), post:Uv  RNA. Since the water becomes a more powerful solvent as
water (¥ - V) and post-IE water({ ..... (). contaminants are removed, the potential to degrade the gen-
etic material may also increase. The PRD-1 virus also has

L an internal lipid which may make the internal structure of
2 was reduced by 99%. A three log reduction in MS-2 waSpe capsid more resistant to degradation in the ultrapure
observed within 3 days in the high pH environment of the, 5ter environment.

Post-RO water, 6 days in the environment of the ultrapure ppp 1 5 DNA-containingS. typhimuriumphage, and
water and 7 days in the remaining samples, respectlvelms_Z’ an RNA-containing. coli phage were selected as
(Flgurg 3). I . . the test viruses for this initial study. They represent two
The inactivation ratesk(values) for MS-2 in the various gigrerent types of DNA and RNA viruses which have been
waters observed are shown in Table 4. Initially, the inactiyygeq in many studies in the environment as well as showing
v?uon rate of MS-2 was greater by a factor 0';] Seven INresistance to commonly used water disinfectants. It should
ultrapure water (Pre-UV, Post-UV, Post-IE) when com-pa nated that typical enteric viruses were not chosen for
pared with the inactivation rates observed in the chlorinategy,q study, as one would not expect to find enteric or fecal

tap water. The inactivation rate of MS-2 in the Post-ROy ¢t 1acteria in an oligotrophic environment such as that
water was approximately 16 times greater than the 'naCt'broduced by an ultrapure water system. This study was

1 | 1 L 1 1 1

vation rate observed in the chlorinated tap water. designed to show the effects of water chemistry on viruses
representative of those viruses that could exist in this
Discussion environment. The experiment times were designed to rep-

No inf L | iiabl h hani resent the maximum amount of time a virus would be
fo in olrmatlo_n IS CUfFe”Ul/ available on the mechanismsgyected to navigate an entire water treatment system. The
of viral inactivation in ultrapure water systems. It IS yeay at 4 h was chosen to represent an estimate for the

towards theoretical purity limits. Previous work has shown  1hq effect of pH compared to the solvent effect of water
[7] that highly reactive radicals in the ultrapure water con pe shown using the MS-2 concentration profiles as seen
in Figures 2 and 3. Note that the water at the post-RO sam-

Table 4 MS-2 inactivation rate constants ple location is in a transition stage between tap water and
ultrapure water with respect to TOC, resistivity, and total

Selected water k (log, h™) k (log,, day™) dissolved solids levels. The water's pH at this location,

environment short-term long-term however, is elevated. The high concentration of hydroxyl
_ ions in water was far greater than the concentration of free

Chlorinated tap water 0.028 0.485 reactive radicals and, therefore, dominated the viral inacti-

Post-RO 0.455 0.911 . .

Pre-UV 0.231 0.605 vation mechanisms.

Post-UV 0.191 0.632 The importance of the viruses and their decay products in

Post-IE 0.168 0.684 the ultrapure water-requiring industries (microelectronics,

pharmaceutical, and power generation) can be related to the
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