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ABSTRACT

Constance M Dumais; Phatareactivation of UV-1rradiated Chiifcrms in
Wastewater Effluent. (under the direction of Dr. J. Donald Johnson).
Utraviolet (uv) radiation of wastewater is currently being

considered as an alternative to chl orination. Howeverj the problem
of the extent of photoreactivation (PR); end under what conditions it

woul d occur most severely has not yet been defined. The parameters
of optimal exposure tinej sunlight intensity; nutrient content;
tenperature; and uv dose were examned. These same parameters were
al so studied under laboratory conditions; using an artificial PR

| ight source. During strong summer sunlight; hQ mnutes of exposure
gave the maxi mum anmount of repair at tenperatures near 25"C. At

hi gher (3fe'”C) or lower (17°C) tenperatures; the level of PR
declined. Nutrient attenuation; achieved by diluting the sanple I'-1D
or 1=40 in receiving water did not decrease PR, however a very large
decrease in nutrients did negatively affect the Ievel of surviva
after PR Under optimal conditions; the effective |evel of

disinfection at a given uv dose was decreased by approxi mately
< -~ — sz TS 2o - —
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LI TERATURE REVI EW

Recently? in public health literature? the safety of chlorine as

a disinfectant in water and wastewater treatnent has cane into
question? (31? 49). The formation of potential toxic nr car ci nD3eni c
byproducts? such as trihal onet hanes) or THM's ? has caused researchers
to exam ne possible alternatives to chl orination . One such
possibility currently under consideration is ultraviolet (uv) |ight.

W light has | ong been known to be lethal to m croogani snms. The
first pubi ished evidence in 1878 by Downs and Bl unt? denonstrated the
bactericidal properties of short wave radiation (47). In 190372
Bernard and Morgan determ ned the region of |ethal action to be
bet ween 226.7 - 228. 7nm (5). Two years |l ater? Bang publi shed
findi ngs which placed the nost effective gernmidi cal wavel engt hs at
approximately 25nnm In 191D? this property of uv | ight was first
applied to disinfecting water by Cernovodeanu and Henri? and Henri ?
Hel br onner ? and Reckl i nghausen (47). They effectively disinfected
water? to which a variety of bacteria had been added.

There are several advantages to using uv as a disinfectant over
chl ori ne. These i nclude the high efficiency of uv disinfection at a
cost whi ch approaches that of conventional nethods (35); that the
chem cal conposition of the water is not altered; that no harnfu
byproducts are formed; that the taste of the water is not changed;
and that the mai ntenance of the machinery involved is not difficult?
needi ng oniy routine cleaning (5? 29? 47). However ? because there is
no di sinfectant residual in the water? process control can be

difficult? and there is no protection from post-treatnent


NEATPAGEINFO:id=DFEF9A36-46CE-4F0A-899D-43BEE6B30011


n - a aa’ ’ . N ) a._ ; . _2_ - ) a _
contam nation. Also the water quality prior to uv-irradiation nust
be rel atively good; in order to achieve adequate disinfectionj thus

i ncreasing the cost of operation. Finallyj there is the problem of

regrowth of damaged? but not I<i | i ed mcrobes. There ars several
repair processes within the eel | > which can reverse uv caused | esions
inthe cells DNA. The nost effective of these is a | ight induced

enzymatic repair systenf? known as photoreactivation.

Initial 'yj the mechanismwhich led to eel | death fromirradiation
was unknown. It was specul ated that the uv light mght act directly
on cellular conponents) such as proteins? enzynmes? or nucleic acids?
or indicrectly? by formng toxins within the cell (3). Later
research showed the action spectrumof uv light on the cel
corresponded very we | | to the absorption spectrum of nucleic acids?
suggesting that thsy m ght be the target ofthe uv photons. As the
i nportance of nucleic acids and DNA becanme understood? initiated by
Watson and Crick''5 work in the 195D '5? it becane apparent that danage
to this cellular conponent could be |ethal? cause nutations? and
account for many of the other effects attributed to exposure to uv
light. By the early 197D 's? the uv photoproducts were well
characterized

When photons of uv 1 ight are absorbed by the DNA? there is
usual | y sone | ocal denaturization of the double helix (17? 44). (See
Fig. 1) This is often caused by dinerization of adjacent pyrimdine
bases. These dinmers can occur between any of the cycl obutanes? and
all types have been isolated? including Thimdine—fhimdine (T)?
Cytosi ne-Cytosine (C-C-)? and Thi m di ne-Cytosine (T-C). Thimdine
di mers predom nate? and are al so the nost easily reversed by the

procsSB of phatDreactivation . Hydration products of bases are al so
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fairly comman eventsj and al so causes denaturizatian at the DNA. The
frequency of chain breakages increase? | eaving the DNA susceptible to
form ng cross |linkages with other pieces of genetic material or
proteins. At |east sone of these cross | inkages may be attributed to
the error prone excision repair system which is stinulated by
irradiating with germcidal wavelength light. These |esions can |ead
to the types of uw danmage observed in mcrobes* including death?
nmut ati ons? and del ay of DNA synthesis and cell replication cycles?
maki ng uv |ight an effective germcidal agent.

Organi smal survival is a function of both intensity and exposure

ti ne? as per t he equation-"
D (mMatt-sec/cn) =1 (MU/cm) x T (sec) (equ.l)

where Dis the does? | is the light intensity? and T is the tine.

As early as 17297 Gates reported that the Bunson-Roscoe Law of
Reciprocity did not apply to uv irradiation? over a |arge range of
intensities (11). That is to say -"Hhat when the product of intensity
and exposure tine is constant? a constant photochem cal reaction
results''~. This was at |east partially repudiated in subsequent

literature (24? 34). Survival can be represented by the follow ng

equat i on:
| Dg(N=/ NG = f(Da5e) (eqgn. 2)

where NI |-, is the initial papulaticn? and Ng is the nunber of

survivors after irradiation. Equation 2 is derived from Lucki esh and
Hol i day-'s (29? 47). Survival data is usually plotted as |og surviva
vs. uv dose. The resulting dose —survival curves for uv disinfection

are often signoida | in shape (2). The initial shoul der indicates a
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deviatian fromone-hit or one-taraet kinetics? which may be due to
threshol d dose | evels or redundancy in the aenone (16). There has
al so been specul ation that the shoul der may al so be caused fromthe
repsir  of the photoproducts, This is sonmewhat substantiated by the
observation that LJlcrDcoccub radi gdurans exhibits an exceptionally

| arge shouiderj and has one of the nost efficient repair systens of
any organismtested (24). Dose-survival curves include a straight

| 1 ne portion which foi |ows Chick-"s Law, where increases in uv dose
results in proportional iy lower survival and the Law of Reciprocity
applies. Oten at high uv doses? there is a leveling off) after
which further increases in dose do not give the expected decrease in
survival. This has been largely attributed to particulate protection
in wastewater disinfection. Unsettled clunps of organic matter or
aggregates of eel Is can shield bacteria i nbedded within them by
absorbing the uv light (33).

The efficient disinfection of water by uv |ight depends on a
variety of factors. Physical-chemcal characteristics of the water
to be treated are inportant. Hghly turbid or colored water may
absorb uv light] making it unavailable for disinfection. The renoval
of particles and aggregates will inprove the efficiency of the
irradiating light (36). Some mxing of the water in the uv reactor
facilitates the exposure of mcrobes to the uv? effectively
increasing the dose seen by a given organi smby increasing the
exposure time. The intensity can be enhanced by | ining the reactor
interior with reflective material. However? too nuch forewsrd
dispersion will al | awa significant portion of the mcrobes to short
circuit through the reactor >  receiving a smaller uv dose? and-
decreasing disinfection efficiency. Mst of the survivors froma
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given volume of water passing through a reactor are those which short
circuit through the unit (35). There is a tradeoff between ai |ow ng
some degree of mxing and not causing too nuch foreward dispersion

A recent study denonstrated that ideal plug flowis nore effective
than conpletely mxed type flow patterns in uv disinfection (6) 35).

Al'though uv i ight absorbed by the DNA wi |! produce sone type of
| esion; not all of these are fatal. There exists severa
possibi | ities where uv induced damage coul d be biologically
undetected (15). For exanmple; the lesion could be |ocated in a
portion of the DNA nol ecul e that does not contain vital information
or is dupl icated elsewhere in the genome or that is not being
transcribed or translated at the tine of irradiation. Polyploid
organi sns are known to require roughly twce the uv dose in order to
achieve a level of disinfection conparable to those containing only a
single copy of the genetic information. Kinetic studies show that
the inactivation curves; simlar to those generated when there are
two-targets per eell.

Wien measurabl e endpoints; such as nutation or death are
observed; the level of survival can be greatly affected by
past-irradiation conditions. There are several processes by which
the danaged eel | can resune normal function. Sone involve
spont aneous el ectrochem cal reactions; such as the disintegration of
diners; or dehydration of the bases. Some repair schenes involve
exchange of conplenentary genetic material to replace the damaged
portion of the chronosone. Some are enzymatic systens. Not ail the
repair is specific for uv induced | esions. The most affective of
these is photoreactivation; which is specific for reversing
eyei obutane dimers formed ss a result of uv irradiation
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Phot oreactivation (PR) refers to the highly specialized enzymatic,
removal of pyrimdine diners? initiated by post-irradiation
liiumnation with i ie"t of wavelengths in the range of BDQ BDDnm
(23). The reversal of uv damage was first observed by Witakerj in
1942. However) it was Kelnerj in 1949) who perceived the inportance
of exposure to near-uv light after disinfection) and correlated it to
the abi | ity of bacteria to reverse the otherw se fatal effects of the
germcial light (25). Later that sanme year) Duibecco published
simlar findings in bacteriophages (S). Since that tines the ability
of organisms to use 3QD-5DDnm | ight to stinulate the enzymatic repair
of pyrimdine diners has been studied extensively (See Fig. 2). It
has been found in alnost al! bacteria) viruses) and yeast (23)) as
wel | as in protozoans and higher animal ceils (3; 12) 14) 27), PRis
able to reverse a variety of eel lular effects caused by uv | ight)

i ncl udi ng death) nutations) and delay of cell division) protein
synt hesi s) and DNA replication. "' -

Early experinentation concentrated prinarily on determning the
extent of photoreactivabiiity in cultured organisms) as well as the
influences of irradiation and illumnation conditions on organi smai
survival . Experiments often involved irradiation with comercially
avail able germcidal | anpsj having a peak output at 253.7nm
Estimation of uv dose was made by plotting log survival vs. tinf)
assumng the output of the lanps was the same? regardl ess of age)
manufacturer) etc. Disinfection was followed by iiiumnation using
either fluorescent lights) black lightS) or Quartz-iodide |anps as
the pR source (1) 17). Both treatnents were commonly perfornmed on
cel | suspensions of non-nutritive buffer solutions) although sone
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researchers plated the uv-irradiated sanples prior to exposure
to PR light. Phage studies were performed on irradiated viruses
whrehwere allowed to absorb onto host cells before being
pPhot or eacti vat ed.

Definitions inearly literature were inconsistent and confusing?
until Jaggerj in one of the first conprehensive reviews? suggested a
standardi zed nonencl ature (23). Jagger defined PRas -'-"the
restoration of uv radiation |esions in biological systems with |ight
of wavel engths |onger than that of the damaging radiation-'-'. He
proposed that PR be used in lieu of the ether terns sometines used?
such as photorestoratianor photareversal. Since then? the term
phot oreactivation has been further narrowed to include only that
enzymatic restoration of uv damage involving the photoreactivating
enzyme (PRE). [Inactivation has been defined as when an organismis
unable to give rise to a colony under normal (i.e. standard
| aboratory) growth condition. Varying growth conditions; in sonme
casesi may stinmulate the formation of a colony which would not have
occurred had a standard nutrient media been used (3D) 45).
Irradiation refers to the germcidal light? and illumnation to PR
| i ght, -\"a" ! S |

PRE was first isolated by Rupert and Harmin 1960 extracted from
yeast (4D). Prior to this? other evidence indicated the enzymatic
nature of PR Factors known to influence the extent of recaery due

to PRincluded tenperature? pH? exposure time? and to some degree?
light intensity and nutrient conditions of the post-irradiation

environment. Factors which inhibit ceil growh and division? i.e.
those which delay transcription and translation of the damaged DNA
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Absol ute action spectra for photoenzymatic repair of various

biological systems. Stationary phase /;. loti Bs-i-160 cells (x); stationary
pha.se cells of Saccharoinyces cercvhiac uur\-2, which were mitated to in-

crease the PRE content (¢); |lavnophihis transform’n?.DNA.in vitro with
east PRE either at lowpurification ( ) or at high purification (<i). (From

Harm in: Molecular Mechanisms |or Repair of DNA, Part A P. C
mnﬁ\gal)t and R B. Setlow eds.. PlenumPubl. Co., New York, 1975 pp

FI GURE 2@ frcmHarnmp Wa'tsr. Biaias'ra: Effects -* UMrav
Sadi at' nn. Canbr-idse *"es5. Canbricse.' M. 1'9QU. ?. 36.
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was R S T
WH in general? pronote survival (16). However? those which - e
interfere with enzyme nobility? or otherwise inhibit its ability to
function? will decrease the amount of repair pcssibie. FRis the
nost effective of all the enzymatic repair schemes? because it is
able to split the dimers directly. It has been estimated that
approxi mately 8D%of the uv lesions are T-T dimers (38). PRis also

the | east error prone of the repair schenes,

Keiner initially considered the '-'photoreactivable sector-'-' of a
given mcrobe to be constant. That is to say? at a given uv dose?
the proportion of cells able to rsQa-\/er I's constant? and is

cal cul ated as the nunber of survivors after PR (Ni") divided by the
number of survivors after irradiation (N'j). This led to the

proposal of the dose-reduction ratio? hypothesizing that the uv dose
coul d be reduced by a constant factor. PR curves? plotted as

I ag-Burvival vs. uv dose? yield parallei curves with a higher

survival than that of the unphotoreactivated sanple. This holds only
for pure cultures. The resulting recO™ery was expressed as the dose

or fluence decrenent? witten as:
AD=D-D (eqn’ 3)

(19? 2D)? where™D is the dose decrement? Dis the uv dose? and D

Is the equivalent uv dose? after PR (see Fig. 3). Jagger reported PR
as a percentage of the initial population? represented by the
f o1 1l owi ng equat i on&aa@a

%R = X (Na-Nc|)/(Ni-Ni) 1DD% (ean. 4)
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Representation of the extent of photoreactivation by the fluence
decrement AF (see text for details). The open circle, marked PR represents
the survival obtained after exposure to fluence F with subsequent phot o-
reactivation. (FromW Harm in: Molecular Mechanisms for Repair of DNA

Part A, P. C. Hanawalt and R B. Setlow, eds.. PlenumPubl. Co., New York,
1975, pp. 89-101.)

FIGURE 3: «'e-tiiT Harrii) W'ts'-) B;d;3s'c=: E'fezts @
Sadi atinn. Canbridse P.-sss] Canbridge® Ma. 198D. p. 24
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where Nq is the initial papulations Nj the number of survivors
after irradiationj and N_ the nunber of survivors after PR,
Dul becco al so thought the nunber of |esions which can be

phot orepaired was constant (9)) and termed this fraction the
a'e'photoreactivabl e sector «® which he defined as fol | ows:

slops of straight line portion of survival curve after PR

sl ope of straight portion of curve w thout PR

According to Kelner; low PR Iight intensity produced | ower ratios or
recovery? given the sane total dose of PR 1 ight. Wen the optinum PR
1 ight intensity was reduced by 1D% recovery was reduced by 30%
(26). Dul beccoj however? found no such decrease in efficiency with
decreasing intensity in bacteriophages. He did report a dec | inein
infective units at high PR doses? when illum nation was continued
after the maxinumretzo' -jery  level had been reached. This was due to
damage sustained by the host-phage conplex by the near-uv | ight (7).
The kinetics of PR have been studied extensively in the |?6Q"s
and 1970''s. The early reports show a nearly | i near response wth
tinme under striciy controlled [aboratory conditions (S). Kelner also
nmentions a |inear response with intensity and exposure tine? but not
across as large a range as with phages (25). Tenperature dependence
was al so recognized early in the [iterature as an inportant factor in
the degree of photoreact i vat i on, In U. Harms 1975 review of the
kinetics of PR? he included the spectrumand intensity of the PR
|ight) amount of PRE in the cell? tenperature? pH? ionic strength?
and presence of inhibitors as mediating paraneters in recovery (2D).
Rupert? in 1966 proposed the fol [owng Mchael is-Menton reaction for
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E3 (egn. 5)
</\I /\V

where E is the PRE, S the substrate; is the pyrimdine diner; ESis

the enzyme-substrate conplex; and Pj the product; is the repaired DNA

The M chael is-Menton equation differentitates between chem cal
and enzyne kinetics; allowng for the expression of enzyne saturation
(28). At |low substrate concentrations; the increase in velocity is
proportional to the increase in substrate. At higher concentrations;
velocity is no | onger proportional to the substrate; and becones
I ndependent with respect to S, approaching zero order kinetics. The

velocity is then dependent on the enzynme concentration. A typica

M chael i s-Menton reaction schene is witten as fall ows

E+ S £i+x ES
Ki

E3 'I/;}'I(AA n-ts (eqn. 6)

(notations are as previously described). PR follows Mchael is-Menton
kinetics; with two exceptions: the final; photolytic step is not
reversible; therefore there is no k4; and this step is absolutely
dependent on i ight of wavel engths between 3DQ 5DDnm

Each conponent of the reaction can be studied separately; by
exposi ng sanples incubated in the dark for a known anount of time; to
flashes of intense PR |ight. The dark incubation allows the EB to
form and the flash of PR nust be bright enough to convert all the ES

to P+ S. The formation constant: k* > can he determned in the
followng way: the nunber of T-T dinmers can be quantified for a
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given uv dose and organism by converting E to the nunber of repaired
di mers per i ndi vidual ? which is converted to the nunber of ES
conpl exes present at the tine of the light flash. By
sxperimentationj they were able to determne the optinmumincubation
time and flash intensity to convert al! the ES to product. The
amount of PRE is control led by adding it as a ce! ' free extract?
which all owed the cal cul ation of the number of repaired dimers. From
the measured tine? light intensity? and nunber of repaired dinmers?
kji can be calculated. Simlar manipulations of dark and |ight
phases permtted the determnation of k2 and k3? as we | | as the
effect of the various paraneters mentioned earlier. Both k" and

k2 show a strong tenperature dependence? however the photol ytic
step is only affected by high or |ow tenperature.

The final? diner splitting step in the reaction is absolutely
dependent an | ight between the wavel engths 3DD-55nm Unen discrete
flashes of | ight were used? Rupert found that the disappearance of
the first half of the ES conplex was tenperature independent? and
proportional to the intensity of the | ight flash. The disappearance
of the second half of the conplex was slower? tenperature dependent?
and not proportional to the intensity. He attributed this to the
het er ogeneous conposition of the substrate? i.e. the diners are no
| onger primari !y T-T? the preferred substrate for PRE. As the repair
process continues? the propartian of GC and T-C di mers increases?
and they are not as easi |y spl it by PRE? and so the process slows
(37) . A o a v v/

Phot oreactivation is not the only enzymatic repair system
operating in the damaged cells. Excision? or dark repair? as itis
often called in the itierature? also reverses uv lesions. It differs
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fromPR in several ways. Excision repair is net specific far uv

I nduced damage; but rather functions nore as a general repair systenf?
operating continuously . It is not iight dependent; and it is nuch
more error prone than is PR Several enzynes systematical!ly renove
and resynthesize the area around the lesion. The first step in the
process is the recognition of the damage as a distortion in the

doubl e helix. An incision is nmade in several base

units before the damaged portion of the DNA; and the lesion is then
excised. The DNA is resynthesized; and the new piece is reconnected
to the strand by a polynucleotide ligase. (See Fig. 4) Unlike PR
all organisns tested have this excision repair system except for
sone specially devel oped nutants (2D, 45).

Dark repair was first reported to reverse uv |esions by Roberts
and Al dous; in 1949 (36). They stipulated several factors for
controM ng the considerable variability in organisml response to uv
irradiation; which include the phase of the growth cycle of the
culture ot be irradiated; growh nedia and tenperatures used during
culturing as well as post-disinfection. |Irradiated organisnms; which
are ai lowed to remain for atime in a nutrient poor | iquid suspension
before plating wi | 1 have higher survival rates than those plated
immediately after treatment. This was later ternmed | iquid holding
recovery (LHR). They also noticed that synthetic nedia was nore
favorable for survival than other types nf media conmonly used in
enumer ation techniques; eg. Difco Broth, For |owto mediumuv doses;
maxi urn survival rates were seen after 2-4 hours of pre-incubation in
non-nutrient buffers; while high uv doses require a |onger period of
time to achieve maxi numrecovery. Although these trends correlate
well with more recent literature no nention was nade as to the
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", Ageneral model for the major pathway of excision
repair.”An enzyme recogni zes the lesion, Shown hére as a czdobu-
tMe-type pynmdine diTer, and makes an incision cut in the DVA
strand: Repair replication (heavy ling) commences using the 0Pp01
site strand of DNA as the femplate. Fmaily, the damaged section
of the DNAI's excised, and the break in the DNA strand’is seal ed.
The verticai arrows indicate the [ocations of nuclease cuts in the
damaged DNA strand and the horizontal arrow indicates the direc
tion of rekfgu replication, beginning at the 3'CHend of the D\A
styand. [Modified fim P C Hanlielt. Endeavour 31, 83-87
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exclusion of light during the pre~incubatian by the authors? since
the effect of | ight was not recognized. However? in 1964? Caste!!an
et al. reported that the degree of recovery after uv irradiation

bet ween photoreactivated organi sns and those held in LHR was
conparabl e) under conditions of strictly controlled light (4).

Maxi mum PR coul d be obtained within 5 - ID mnutes of exposure to PR
| ight) whi le 4 - 6 hours was required to reach the same degree of
recwery using only the excision repair system Over that 4 - ~ hour
period) approximately 1D% of the organisms |lost the ability to
photoreactivate. Since about the sane |evel of recovery was obtained
by both systems) they concluded that excision repair functioned an
essentially all the photorepairabie |esions. However) of al! the
types of phatoproducts fornmed) PR only splits eyeiobutane di merS)
whi | e excision repair can reverse all types of damage. One woul d
therfore expect the dark repair process to be nore efficient) except
that it is nmore prone to error than is PR) and so the recovery levels
are sim|l ar.

There are several other schemes by which organi sns can reverse
the effects of uv. Viruses? in particular) have evolved a variety of
ways to repair their damaged genome) using the host cei |s enzymatic
repair systems. THese schenes have been reviewed by Hanawalt (lii)
and Harm (20)) and are briefly sunmarized bel ow

1) Miltiplicity Reactivation: Wen a hast cell is infected by

both uv-irradiated and unirradiated phages of the sane
specieS) there is a stinulation of reconbinational events.
Through a random exchange of, genetic naterial between the
damaged and undamaged genones) achi eved by subverting the
host ceils-' repair enzymes) a viable copy of DNA can be
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senerated tor the irradi ated phages? enhanci ng survival.

2) Cross Reactivation: As with nulticiplicity reactivation) the
random exchange of genetic material can yield viable copies
of genones of irradi ated phages? ones 151 cs the host cell
However? in this case; the phages are of different types?
only one of which is irradiated. It is a'® donor-recipient o'’
rel ationshi p? rather than a two-way exchange of DNA. Both
mechani sms rely an the stimulation of reconbination of uv
light? and the formation of viable viruses is a chance
event. The increased frequency of reconbination sinply
i nproves the 1 ike! ihood that a viable genome can be forned.

It is thought that the excision 'repair system hel ps by
i ncreasing the frequency of strand breakage? which in turn
PromoteSrecombinatien,

3) Suppression of Prophage Induction: This tends to enhance the
survival of the host cell by the presence of uv inducible
prophages? i.e. conditions which inhibit induction of the
prophage? such as a lesion in its DNA increases the uv
resistance in the host cell. This is also a chance
happeni ng? and depends on whether or not the lesion is farmed

-i nt hepr ophagegenone.

4) Hast Cell Reactivation (HCR): Irradiated viruses may
actual Iy subvert the host cells own repair enzynes in order
to repair their DNA. Al though the en2yne5 do not function as .
effectively on the foreign DNA? phages able to to use the

-, hastes excision repair systemdo have higher survivals than

those lacking this ability. Wen the host is also
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irradi ated! the phage DNA usual |y does not conmpete we | 1 for

t he enz ynes.

5) W Reactivation (UVR): Seemingly in contradiction to HCR

phage survival is enhanced when the host is given a smal

dose of uv after infection. It is frequently found in those

i nstances where HCR is al so possible. UVR can be reduced by

phot oreactivationj and is found in excision repair proficient
bacteria? which nay indicate that the stinulation of the dark

repair is at least partially responsible for the reversal of

the uv effects. & "' a

6) Spontaneous Decay of Photoproducts= Wthin about 2-3 hours

/)

of formation? the |esions nmay spontaneously degrade? i.e.
hydration products can dehydrate or diners spl it due to
chemcal instability. After that tinme they nmay becone
irreversible (4). Environmental conditions? including
tenperature and pH influence the reversal to the
pre-irradiation state. Wen cells are incubated at 45°C

for up to 3 hours? beginning imediately after exposure to uv
light? followed by normal growh conditions (37°)? the rate
of decay increases. Acid catalysis of T-T diners may occur

spont aneously in the cell? under certain conditions.

Cat al ase synthesis reportedly al so enhances the decay of
phot opr oduct s.

Direct Reversal of Photoproducts: This occurs at very high
uv doses. Cermcidal |ight energy is nore efficient at #

"form ng diners? hower itnmaynmanonerizsdi nsrs? via

23D 24Dnm wavel engths.  Dinerization far outweighs the other?
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bei ng approximately BDD-1DDDX faster. At "jsr-y high levels ¢ +
uv irradiation? an equilibriumis established? where? as the
substrate of undinerized adjacent pyrim di nes becones
exhausted? the rate between the two opposi ng processes
becomes roughly equal .

6) Photoprotection: Oganisms illumnated with Iight of
wavel engt hs | onger than those of the primary germcidal uv
l'ight before irradiation are nore resistant to the effects of
uv radiation. The increase in survival may be largely due to
the inhibition of DNA and protein synthesis by the near uv
| ight. This delay s!'lows other repair systems to |ocated and
reverse the danage caused by the germicidal light.

7) Indirect Phatoreactivation= The mechani smwhich pronotes
survival survival is simlar to photoprotection? in that
normal cell function is suspended tenporarily? permtting the
detection and repair of the lesions. It is different fromPR
inthat it is not tenperature dependent? nor does it follow
the typical saturation kinetics? although it is the |onger

wavel engt hs responsi ble for the increase in survival.

Pyrimdine dinmers are not split directly? but are thought to

be renoved via the excision repair mechani sm
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I D) Post-Rep! ication Repair or Reconbinational Repair: This

conpl enents excision repair in the cel!j using the parental
DNA strand as a tenplate to fill the gaps caused by excision
0+ photoproducts. Partial DNA rep! ication nust have already
occurred before this mechanismw |l function. Dari< repair?
wi thout PR J may account far 95% recovery after uv
irradiation. However; there nmay be as many as 1DD+
potentially lethal lesions in the genone; possibly due to
insufficient time or inability to conplete repair at sM
sites. Post-replication repair is able to further reverse
the remai ning damage. It is not possible to conpletely
elimnate all the effects of uv radiation; because the
genetic materia! is not the only target of the uv photons.

O her ce ! | ular conmponents; such as proteins and so on; may be
severely damaged; and these contribute to the nortal ity of
the m crobes. However; any strategy which enhances repair of

t he DNA enhances survival (See Fig. 5).
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(a)

(b)
A model for postrepiication
lepair of W radiation-damaged
I»JA (a) Dots indicate photochenical
I esions produced in the two strands of
DNA. (b) DNA synthesis proceeds
East the |esions in the parental strands i M7 o nhfthb

A
s, 1 ot gtk 1 | M e

/\a/\/\l\ H| A

strands with material fromthe paren-
tal strands by a reconbinational pro-
cess (depends upon functional recA*
genes), (d) Repair of the gaps in the
parental strands by repair replication.

The retder is cautioned that steps to?.- BAf]  \AA N AMARpAWAA

and gd{ are highly schematized, and ~ (c)) i...... n )
wf probalUy be nodi fi ed as additi onal ,

dau becone avaflale. (Modified from
nefi erence 19.) \ AN o o 1<\ "—

IGJRE 5 from Smth) K C The Science cf Photab i ¢ i ngy

irriith, ad. Pl enum Prass) NY. ?. 135,
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PRQIECT OBJECTI VES

Experinents were desisned to reach the fa!' |ow ng objectives.
They were divided into two phases'- laboratory and field. The
| aborat ory phase was designed to determne the effects of the
foll owi ng paraneters on PR

1> intensity of PR tinme

2) cptinmai exposure tinme

3>. tenperature

4 > nutrients

5) uv dose
After the optinmal conditions? as relevant to wastewater disinfection
were estabi ished in the laboratory; a sim lar set of parameters was
tested in the field) i nci udi ng@

1) exposure tine

2> nutrients

3) uv dose

4) effect of incubation in Pyrex bottles
Fiel d experinents were conducted between May 22> 1984 and July 3;
1784) when suni ight intensity was close to that of full summer sun
Water tenperature in the streamwas al so near the optimum as
determned in the |aboratory phase? being between 24 - 26°C
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MATERI ALS AND METHODS

« In all PR experiments? initial uv disinfection of sanples of the
secondary effluent fromthe Mason Farm \Wstewater Treatnent faci | ity
in Chapel Hll; North Carol ina> was acconplishedby irradiating them
under the collum nating beam apparatus- (35). (See Fig. 6). This
allows the accurate repi ication of uv doses. Intensity of the uv
l'ight at the surface of theeffluent was made with an |L-50D
radi ometer? equi pped with an SEE-24n detector? cai ibrated to a
National Bureau of Standards lamp (See Fig. 7). Effluent sanples of
| . Dcm depth were continuously stirred during irradiation. The
average intensity was calculated as in Quails? et. al. (35).

Absor bance was nmeasured at 253. 7nmfor each sanple? and the uv dose
corrected so as to be consistent over tinme. This was done by

adj usting the exposure time to conpensate for the actual uv intensity
the organi sms were exposed to? eg. by increasing the exposure time if
the uv absorbance of the sanple was high or the |lanp output |ow.

For the first phase of this study? an artificial PR Iight source
was chose? to permt the control of intensity. The | ight source was
required to emt light in the 30D-5DOnnrange? with as little as---'
possi bl e bel ow 3DDnm  Uavelengt hs above 5DDnm do not significantly
affect PR (25). To acconplish this? three 15 Watt GE bl ack |ight
fluorescent |amps (F15T8-BL) were used. These |anps had the
advantage of emtting nost of their energy at approxi mately 36Dnnf?
with a significant portion of their spectrum between the optinmum
range far PR Al though there was a small amount of |ight bel ow
3DDnn? the glass tubing around the lanps did not transmt a
nmeasurabl e amount of germicidal [ight? as neasured with the IL-5DD
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radiometer at PRIight intensities below D.5 nMtt/cnf. (See Fig.
)R B ST M U A

PR Iight intensities were also measured wht an |L-50D radi nneter
and SEE-400 detector. The detector was fitted with two filtersj
SCB-32D and CF-47D) for wavel ength measurement between 3DD-42Dnm to
match the PR action spectrumof E " caXl>  adapted fromJagger (23).
(See Fig. 8). Intensity inside the PR chanber could be increased by
lining it with reflective material; such as alumnumfoil; and
decreased by renoving one or two | anps.

Fol lowing uv irradiation in the iabaratory phase? sanples were
fi Itered through D.45 mcron Gel man fi Iters and placed on pads soaked
in mEndo broth; as per Standard Methods procedure (46).

[I'1umnatiDn was performed in an enclosed chamber which effectively
excl uded extraneous i ight. The tenperature in the chanber was
approxi mtely 25°C.  Plates were kept noist by adding sterile?
non-nutrient phosphate buffer as necessary. Possible toxic effects
of the black | ight were determned on sanples with either nutrient or
buffer soaked pads. No significant toxicity was seen in the first 60
mnutes of i Ilumnation; however after 2 hours; a decrease in
survival was seen in sone sanples placed on mEndo broth soaked

pads. Al handling of uv irradiated sanples was performed excluding
|1 ght bel ow 5DDnm> by using a GE Gold fluorescent [anp (25).

Dark controls were filtered and kept in the dark at roomtenperature
for the duration of the i | lumi nat i on. *

For experinments examning tenperature effects; the PR chamber was
placed in either a 37°Cor a 4 "Cincubator; or kept at room
tenperature. The cold tenperature decreased the |anp output; and so
the PR exposure time was adjusted to maintain a consistent dose |eve
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of 6DQTi i Watt~5ec/cin*> which was found to yield maximitn recovery; at
intensitites of 1.25mMtt/cnt or lower. OptimumPRin the

| aboratory was reached under the fallow ng conditions: exposure at
25°C for 6D mnutes at Q 1 ImJatt/cmt | on sanples f i | tered and

pl aced on pads soaked in nutrient broth.

Due to significant (i.e. greater than 1D% differences in
intensity within a relatively small area? petri dishes the size of
the detector were used; so that the intensity coul d be neasured at
exact intervals! and the dose control led for each repi ication. The
| arge volunes of irradiated effluent required for accurate
enumeration made it inpractical to illumnateunfilteredsanples.

In the field phase? disinfection was acconplished in the sane
manner as previously described. However) irradiated sanples were
incubated in Mrgan Creeks exposed to sun! ight in Pyrex bottles
before filtering. Dark controls were also placed in Pyrex bottle;
and wapped in alumnumfoil to exclude Iight; and incubated in the
creek with the photoreactivated sanples. Pyrex bottle do not absorb
light above approximately 29Dnm  Absorbance increases rapidly bel ow
that wavel engths while excluded sone of the disinfecting effects of
sunlight. Therefore) we were able to examne the effects of PR
without additional killing fromshorter wave [ight emtted by the

Sunlight intensity was measured in the field) approximtely 2D
fromthe creek. The detector was placed in an unshaded area?
el evated above the ground so that it was out of the shadows caused by
plant growth on the banks of the creek. Experiments were perforned
between [I-'nC|:DD®-'clock) when the sun is directly overhead) to
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alloui far both maxinumintensity for exposure and accurate
measurenment by the SEE-4D0 detector. -

Since Chapel H i | wastewater effluent is generally of higher
nutrient concentration than the receiving streanf? the treated
effluent was diluted to sinmulate as closely as possible actual stream
conditions. In One series? sterile? non-nutrient phosphate buffer
was used as the diluent? in 1 =10 and 1* W dilution ratios wth
irradiated effluent. In a second series? Mrgan Creel < water was
filter sterilized and used to dilute the effluent in the sanme
ratios. During the time of experinentation? Mrgan Creel < has the
fol lowing characteristics? as measured by the Orange Water and Sewer
Aut hority (QUI ASA):

TABLE 1: a !

PARAMETER RANGE NVEAN POP. STD. DEV
BOD( ng/ L) D D- 2 s D 94 +e g1
COD<ny/ L) L * — 23 7 12 5 + 4 s5

ANMONI A D D- 0 D6 o D3 + D DL6

DO 7 3 - s 3 7 71 + a 33

TURBI DI TY " 2 - 16 D > 76 + 4 99

PH 7 1 - 7 5 7 34 + 0 13
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Far the secondary effluent? during the same tine period? the

characteristics are as faiiaws (al so obtained from CUABA):

T NE=01L_ E— = — =
PARAMEJ ER RANGE MEAN PQPANSI DN DEVA
BOOD(M&F L) n.5 - 2.7 1.37 + n.56
COD(ME L) 28.9 - 42. 4 33.41 + 3.95
AMONI A O Dl - D. 85 . D. 16 + D. 25
DO 7. 2 - 8. 7 7.8 + D. 41
TURBI DI TY 0.2 - 0.3 D. 21 + D. 02
pH t. B - 7. 2 6. 95 4 o

The creek tenperature ranged between 24 -2L°Z> nearly the optinmum
far PR) as determined in the [aboratory phase of this study. This
faci | itated good tenperature control during the incubation of the
sanple in the stream Absorbance of | ight in the wavel ength range of
300-55-nmwas 0.012 - 0.112/cm increasing bel ow 3DDnm At 254nm
the absorbance of Mrgan Creek water was approximately D. 175/ cm

In determning optinumtenperature? intensity? exposure tinme? and
nutrient canditians in both field and | ab phases? uv doses cf 4 and 9
or 16nJ)att-5ec/cm were used? yielding log survivals of -2.0 and
-3.0? respectively. For assessing the effect of uv dose? sanples
were irradiated at levels of 4? 9? 167 and 26mJ att - 5ec/ cn®, giving
-2.0? -3.D? -3.5? and -4.D logs survival ? respectively. Actual |og
survival s for each separate experinent varied somewhat with the

sanple taken an that particular day and the uv sensitivity of the

CO1i formpopul at i an.
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Results are presented as either |og survival s? befare and after
PR) ar as %R Statistical evaluatian was perfarned usina a SAS

model for analysis? and p-values reported refer to the ' 7' 9% confi dence

interva'j unless other'ajise specified.
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RESULTS AND DI SCUSSI ON

This study proposed to determine the optinum| ewe | of rstzawsry of
uv-irradiated coiifarmsj due to phatareactivation. Since PRis an
enzymatic process) !<nawn to be dependent on growth conditions; the
followi ng parameters were examned: nutrient levels in wastewater
secondary effluent and receiving water? tenperature? PR |ight
intensity and exposure tinme* and uv dose. One portion of the study
was performed in a |aboratory setting? using an artificial PR [|ight
source? in order to control the parameters of tenperature and
intensity. U irradiations were dons in such a way as to accurately
reproduce the disinfecting dose |evels given on each sanp! ing day?
for each effluent sanple. Variations in log survivals after each
treatment are therefore presumably due to changes in the uv
sensitivity of the coi iformpopulation over time. This is not an
unreasonabl e assunption? since the types? relative proportions? and
physical state of organisms in the wastewater change with the organic
and inorganic conposition of the water? time of day? etc. |In order
to mnimze this variation; sanples were taken at approximtely the
same time of day for each experiment. It was assuned that? although
the col iformgroup is a heterogenous popul ation? their response wouid
be? at least qualitatively? simlar to E* cgli? which conprise the
|argest portion of this group. Since the nineteenth century? E*. coll
has been routinely used as a model for disinfection processes.
However? there may be inportant physJa log;cal differences between
|aboratory cultured and ""natur a | | y"™ occurring organisns? such as the


NEATPAGEINFO:id=408084C6-8E24-4D48-BFF6-1D61C9A3EB9F


relative resistance to disinfectants of same of the Gramnegative
bacteria (7). W also assuned that the Law of Reciprocity applied
within the narrow ranges of intensity used in applying both uv and PR

A O == & = _ — _ — - - -

EFFECT OF EXPCSURE TIME TO PR LI GHT=
In both the |aboratory and the fields sanples of uv irradiated
secondary effluent were exposed to PR"' ight for 20; 60 and 12D
mnutes. The |level of photoreactivation increased with time at the
fixed interval s? unti i maxinumr-eco “er-y was obtained at 20 and hD
mnutes? for the laboratory and field sanples? respectively. Further
exposure had a negative effect on recovery? and survival dscl ined.
(See Figs. 9? ID and Tables 3? 4). There is precedence for this in
the literature. This may? in part? be due to the [oss of the ability
to photoreactivate over tine (4). Several authors report a tine
limt of 2 - 4 hours at roomtenperature? beyond which damage becomes
permanent (8? 13? 20). Furthermore? light below 315nrn still causes
dimer formation? although not as efficiently as with the 254nm
wavel ength. As the organismloses its photorepair capabilities?
these new | esions becane increasingly biologically inportant. The
other repair mechanisns? nentioned in the [iterature review section?
may not be able to keep pacs wth the lesion formation. |n addition?
| onger wavel engths of PR light? (365nm may also formlesions in the
DNA? again at a slower rate? and of a different type than the 254nm
light (22? 34). Thus? while PR is operating? the rate of |esion
formation due to damaging conponents in the near-uv light is much
| ess than the rate of repair. As time elapses? all the repair
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systens begin to slow? yet lesions are continual iy being formed) and

recD "ery decl i nes.

There may be another factor contributing to the declining
survival after prolonged exposure to PRI ight; which is saturation of
the enzyme system There are a limted nunber of PRE nolecules in
the cell? and no indication in the literature that the nunber
increases after irradiation (19) 38). Again? as the anount of damage
caused by elements of the PRIight? the system becomes overloaded?
and unable to match the rate af [esion formation. Al'so? since PR
acts only on pyrimdine dimers? there is a certain amunt of overlap
with other repair nechanisns? especially the excision repair. That
IS to say? excision repair can nend ail types of photoproducts
(di mers? hydration products? strand breal <5? and protein
cross-1 inloges) whereas PRis only capable of sp! itting T-T diners
efficiently. The two mechanisms essential |y conpete for the sane
substrate (diners)? which are gradual!'y repaired? so that they are no
| onger the major cause of lethality. The excision repair alone nust
reverse the remaining |esions? which can conprise about 20% of the
total damage fromthe original irradiation? and more from subsequent
illumnation. This is not the nost efficient use of the various
repai r mechanisns by the cell? which can be seen as fighting against
time to repair as mich of the damage as possible. As the organism
gets ready to replicate its DNA and divide? tinme for repair has
essentially run out? but for two rather inefficient repair systens
(excision repair and post-replication repair). -. /"
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In a study done in Northwest Bersen Countys New Jersey} on uv
treated secondary effluent? by O K ScheiblS) the Dptinum exposure
time was also found to be 9D mnutes (41) 42). |In that report?
sanples of irradiated effluent were placed in borosi | icate battles?
either transparent to light or shielded. They were exposed to
suni ight for 1D> 3D? 9D, or ISD mnutes. Utraviolet doses were
| arger than those used in our study? reported as 57 and 3BD
mls/cm”™ in NJ . The genera! trends were in good agreenent?
Increasing up to a point? beyond which continued i | | urnination had a
detrinental effect. The need for a |onger exposure time may have
been due to the higher uv doses? which nmay require nore time to

repair the higher |evel of damage.
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> A MW Dose = 4mis/cn?

UDose = 9mW s/ cnd

60
TIME (nin.)

120

FISIRE 9: Fercert =Rvs. - me cf exposure to sunlight Aor 1" doses o
and Omltt-Bec/ 2. Bars indicate range . '


NEATPAGEINFO:id=6850968E-B2CF-4A3F-8446-9EF4B500DBAA


W Dose = 4m¥s/cnf

30H ~ (sunlight)

% =0
/
UV Do5e= 9.nmW s/ cni
1/ \ (sunlight)
| W Dose-- An¥ s/ cnf’
| (blacklight)
SVREURELRPE [EEECREERPE §0--------- Theeeneenn rto-
I LME A
-lGURE I G °Brze-t /-, A5, "MNixs -f exposure to sunMaht for uv doses

4 and 9inuJatt-ss =/-t2 and hiackiicht +cr uv dose 4. Bars indicate

r ange.
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Tab | e 3= Effect of Exposure Time? Laboratory Experinents.

2/ 24/ 34

PR Ave.

UV exposure cfu/m

Dose time (mi n) Lags

D~ 2683

4 0 43 2 .j . ea ®
20 29D -0.77 .
60 133 , -1.32 =
120 45 N -1.66

16 0 1. 3-3. 46
20 6.0 -2.67 .:
60 14.0 -2.27 "

120 17.0 -2.21

-37-

% PR Dose

PR Light Intensity = D.22 nui/cnf

2/ 27/ 84
PR Ave
exposure cfu/ m
time (mi n) Less “I.PR
1717
D 80 -1.33
20 ' 103 -1.22 \ 1.4
60 I DD -2.23 -4.3
1=z20 7. O -2/ 37 -4.5
D 1.4 -3.D7
20 446 -1 .58 2.6
60 27.8 -1.77 1.5
2D 24. 4 -1.85 1.3
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Tabie 4= Effect of Exposure Tine. Incubated in Pyrex bottles in Mrgan Creek

6/12/84 SiJniiahi | = 365 - 3"2S  6/i4/84 SuniiaH _Jt = 2775§ 35

PR Ave. PR Ave,

UV exposure cfu/m exposure cfu/m

Dose time (mi n > Logs YR Dose ti me(min Logs " APR
172D - 255D
0 5.7 -1.53 T D 19 -2.3

I D 313 -D. 79 N6 10 317 -D. 91 11.0
3D 787 -D. 39 A AR 3D\ 747 -D. 53 23.6
6D 8i a -D. 37 :.: 42 60 D7 ;. - 0. 45 30. 4
12D 557 -D. 54 29 120 a 770 aa .p 52 24. 6

D 1.63 -3.07 0 ; A3, 3 a -2.28
ID 117 -1.22 6.2 ID ... 51 -1.7D 1.9
3D 9 ' -D.9a 11. 4 30 : 251 -0 5. -L101 .8
6D 89.0 -1.33 4.6 60 383 -0.82 15. D
2D 31.6 -1.78 16. 4 120 299 A 93 11.7
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: FFECT of PR LI GHT | NTENSI TY
During the first series of experiments far determning the
epti mum exposure tine; the PR Iight intensity was 0.225
nJ att-sec/cnt! giving an optinum PR dose of 6QDni-s/cmt. |f the
Law of Reciprocity holds for phatoreactivation of col iforns? then
this dose could be reached at higher or lower intensities by altering
the exposure tine. |If it dose not hoid? then light intensity nust be
consi dered as an i ndependent vari abl e.
The effect of PRI ight intensity was tested at uv dose |evels of
4 and 7 m¥s/cm-. PRI i ght intensity was varied as fol |ows:
1.27-1.12) D.S6 - D.eD, D.SD - D. 43, D.22, and D.I1 nmMs/cnt, as
nmeasured by the IL-5DD radi onmeter with the SEE-40D detector. (See
Fig. 11 and Tables 5aj 5b). |Increasing intensity approximtely
ID-fold resulted in a statistically significant [ower |evel of

recovery at both uv doses (p = D.DZ at uv dose 4? and O ODA at uv

dose 9).

This was perhaps not unexpected; as germcidal wavel ength energy
becomes increasingly efficient with intensity. According to Gates
(I'1)] there is a 75% loss in killing efficiency by germcidal |anps
with a 5D% decrease in intensity of wavel engths between 239-3n2nm
Wth blacklight) here is a near-uv conmponent (i.e. 300 - 315nm >
whi ch may become mare inportant at high intensities. Effects from
ot her damagi ng portions af the PR spectrum may al so became mare
biologically inportant. Peak (34) report increasing 365nm damage
with increasing intensity. 1In a review of near-uv light effects of
bacteria? Jagger (22) reports a synergystic effect between near and

far-uv radiation at high fluencs rates (intensities); which can be

i nduced by black! ight illumnation of E* cDii. The 334nm ccnpanent af


NEATPAGEINFO:id=D10694D5-2CBA-4370-8940-FBE81DDB86D4


-kz-

'ty

35

30 A T
UV Dose=4mN s/ cn?

25 -

20

RO

15 A \
o a ~N

W Dose = 9mMs/cm®

1 1 1 1 l l l
o) 0.2 0.4 0.6 0.8 1.0 1.2 1.4

PR LI GHT | NTENSI TY (m cnt)

“HRE 1L =r =er.t PR s, Intensity far jv dcses 4 and Omw5l = --
,5:ns  biackMsht as  the "R 1 : sM  snurce. Jar5  Indicate -anse.
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abl e 5a:

*

EFFECT OF PR | NTENST

UV Dose Dar k
Contra 1

(rnWs/cint) ~

?6n
son
SBO

> 32-2

Los S -1.45

y, PR

NN R
O P>

Lob S -2.63

% PR

PR Dose = 6GG nmUJ -s/cnm

.43-

182
162
18D

-D. 7D

17. 6
15. 4
17.5

19. 8
23. 2
23. 4

. _Ceiis/m.

'""R I ntens tAjj,
pn
(mMVcm -)

266
174
246

-D. 57
27. 7

19.
25. 3

N

31 .4
24.
26.

o b

-1.51

NN W
® 0w

250
244
274

a2D. 54

25. a

25.
28. 6

[

34. D
34. 8
37. 2

-1 .40

POw
UO~NO
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Tabl e 5B: EFFECT OF

UV Dose

i Ws/cni
o 7DG
4 19. 02

Los S -1.57

Los S -2.54

=R

_44-

| NTENSI TY

Dar k Contr o

__Pg.Intini: tii

.27

160
124
132

70
25
17

21

-1.51

~"The ti nes of exposure were varied so that the PR Doses

( 600 N

5/ t

)

. 8n

152
178
152
-D. 64
23
28
31

41

wer e the

.43

136

142

176

67

39

32

32

31

sane
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the spectrumis thought to cause this increase in nortality. Jagger
‘proposes t he overstinul ati on of the excision repair system as a
passi bl e nmechani smto account for this. Wien t he sections of excised
DNA becane too nunerous or too | arge? the strand breaks may ovsri apj
and so the integrity af the nol ecule is destroyed.
Thi s does not appear to be the case for suni ight exposure in

Pyrex battl es, (See Table I D)j where the sunlight intensity ranged

froml.7-4.BriWcmtJ with no signficant change in the anmount of

phot creacti vati an. Sone of the light intensity nmay be | ost due to
reflection and refraction of |Iight waves as it passes through the
various interfaces of air; water;, glass? and effl uent.

EFFECT OF TEMPERATURE ON PR=2

Phot areacti vation is tenperature dependent? | argely due to the
aormati an of the enzyne-substrate conplex (eg, 18? 19? 39), The
second step? which is the photolytic reaction? is reported to be
stabl e over a wi de range of tenperatures? from2 - 4QC (38).

There was a significant tenperature effect also found in this
study of uv-irradi ated coli forns. (See Fig, 12 and Table 6).
Recovery increased al nost logrythmcal Iy from 17-25°C at both uv
doses t est ed. Rai sing the tenperature further? to 36707 did not
pronote survival at either uv dose. The PR dose given in each case
was | DDmJsec/cm. The difference in tenperature had a
statistically significant effect at uv dose 9 (p=n.an25)? but not at
uv dose 4 (p=n.Dr48). This nmay be due to the high variability in |og
survivals at the | owest uv dose? sane of which showed | ower |evels of

J<illing than woul d be expected? rather than a | ack of tenperature

effect at | ow tenperatures. a -
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ap3LE 6 EFFECT OF PR  TEMPERATURE

isj"S/I’ﬂ

PR Tenper at ur swW

UVv Dose , Dar k
cont r ol 16C 25C 3&C
Jiyzl ZEN -1
174D
«< > A T o>;D >

= 150D

166C 40, 40 266 39094 332 =
- 25C 32 28 282 S6e3sS |S62
a -4 3I36C 34 J 34 202 378 306
Los S ==& /...ttty -1.64  -0.78 -0.6D -D . 66

o PR J ' 155 66 2Z24a. 3 2Z20. 1
a2 16. 7 22.5 22. 1

11. 3 , 23. 2 18. 4

1ecC 1.4, 3. O 18. 0O 53. 4 57. 2

o 25C | . a; 2. 6 28. 8 49.8 52. 4

36C 3.6, 2.4 26. 6 47. 6 51. 4

Log S -2.81 -1.79 -1.49 , : -1.45

LR T -1 . D .94 3. 6
T B =L 3.1 3.3

\ o ' 1.6 3.0 3.2

N PR Dose = 600 mJ -s/cm -.
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30
25
20
15 UV Dose =
4N s/ cnmi
10
----- i
UV Dose= i
OMNM s/ cn
10 30

TEMP r O

FIGURE 12: Percent PR vs. Tenperature! for uv doses 4 and "nl -s/cntf

i S;HB blacKiiaht :anp5 as the =9 |;aht source. 3ars ind:cat s range
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There is anpie precedent in_the | iteraturej indicatins that a
variety of mcrobes reach maxi mumreccwery in the 24-26°C
tenperature range (eg 1> 1 11). In a recent study conmpar i ng E* cDil

and S* aureus> Adl<ins and Al i en found 23 - 25" *Cto yield the

hi ghest | evel s of photoreactivation in both organisms (1). Kelnerj
inthe early literature showed PR to increase with tenperature
between 2D - 40°C. for several bacteria tested {7.L) . In many early
experinents; however; tenperature was not control |ed; nor was heat
fromthe | anps; which can be considerable. Increasing the
temperature from25° to 3(i° decreased the intensity output of the

| anps; as did decreasing the tenperature from25* to 17°C. This
was controMed for in our study by adjusting exposure tinme to
conpensate for the change in PR Ilight intensity; giving a dose of
"ADDmUi -s/cm ™ for all treatnents. Al though sever a | studies have used
fluorescent |anps; of both biacklight and day-gl ow types; the effect
of changing tenperatures on the |anps thensel ves were not report ed.
This has 1 ittle bearing on the field results per se? however should
be consi dered when | aboratory setups are used to sinulate «'-'rea
wor!lde-"conditions.

Harm (17) explained the decrease in PR at |ow tenperatures by
increasing viscosity within the eel I. The enzyme-'s novenent from one
| esion to the next may be hanpered; and so decrease the repair rate.
Only at "jery | ow tenperatures; i.e. below C*C, did the site
conformationai changes in the enzyiiie-substrats conplex and decrease
in the metabolic rate as significantly affecting PR

The Bergen County study included tenperature as an independent
variable; and conducted a series of exposures between Feb. and Aug.

There was a statistically significant difference in survival
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eparted) with a correlation coefficient of D.75. Howeverj there was
a high degree of variability in the photoreactivated sanples? and the
increasing intensity of the sun was not considered as a variable.
Intensity does affect PR? and this increase in intensity is
concomtant with the rising water tenperature in their experiments.
Thi s report suggests that perhaps they should be considered
separately. These were ali conducted in either the chlorine contact
chanber; or inthe spi ! | way leading to it. Battles were placed in

t he channel in sone cases? or sanples were collected directly from

t he contact chanber or downstreamin others. The actual PR dose
received by any sanple woul d vary. Also? no attenpt was nmade to
measure the suni ight intensity? nor was there any nention of the

met eri ol ogi cal conditions (overcast? sunny? or variable)? and so
(general izations srs difficult to make fromthis data? even though the

authors attribute 5D% of the correlation coefficient to tenperature

ef f ect s.

EFFECT OF NUTRI ENT LEVELS ON PR

UV treated secondary effluent was di luted with either a sterile?

non-nutrient buffer? or fi Iter steri | ized Mrgan Creek water

col lected 1/4 m ie upstreamfromthe effluent outfal! 1 . The fi Itered
creak water contained |ess than one coliformper 1DDmi. Sanples were
again irradiated at two uv dose |evels? as previously described. No
significant difference was found between undiluted sanples and those
diluted with sterile creek water at either uv dose tested. The p

val ues were Q61 and Q 13 and 9mMsec/cm™ ? respectively. However?
.when diluted with phosphate buffer? sanple (p=Q u6 and D.DDn2 for uv

doses 4 and 9? respectively). (See Tables 7? B).
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*iBLE 7 . Effect of nutrient on photDr eac t i vat i an

w 6/ 8 6/ 11
Dose Treatment DTution* cfu/m 7.PR Treatnent QTF*¥ cfu/m PR
3780 387
Dar | < 78 Dar k 120
Li al ~t Undi 1 uted 1250 30.0 Li gl-it und 530 32 4
1170 28. 5 530 32 4
1120 26. 7 440 25 3
1: 10 1570 38. 2 1: 10 680 44 2
1330 32. 1 N . 570 35 5
1550 37.7 v 560 34 7
1: 40 1456 35. 3 1: 40 568 35 4
1372 33. 7 488 27 "
1168 27. 7 560 34 7
Dar k 0. Dar k !
Li ght Undi uted 117 2.7 L i ght und 67 4.7
164 4. 1 82 5.8
185 4. 6 71 5 0
1: 10 207 5 2 1 =10 108 7.7
218 5 5 87 6. 2
187 4. 7 87 6. 3
1: 40 147 3.7 1: 40 150 10. 7
206 5.2 77 7.1
210 5 3 SO 5.7
un J i ght Intens i ty = 3.7 - 4. 3.25 - 3.30
(MmN cnR)
Fi "ter-steri i ized i”crgan Creek water was used for | vat i Dn .
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liable 8 Nutrient Effects Diluted an Steril e Phosphate Buffer

= - L -, - - Sunl 1 ght 1 =
a T, , 2 NoLora- 3.2 ~ 3.35
uv Dilutian Ave. Ave. Lng Ave,
Dgse EsiiS___ _Eylsid A pillidd_ ?2»°S
D - Ses53 e - — ~ -
g4 dar =
cantrol 42.7 -1.93 ; , =N R
undi | ut ed HD-D. 522 .29.6 a 1"/
1=10 Aoo1e2or o D48 VN 322 /
1:4D . :; . 626. 7 . '-0. 77 & 16. 2
dar k
contra 1 2.D -3.27
und i 1luted 14. 6 al. 40 3.7
110 113 -1 .51 3.0

1 :4n 85. 3 -1.63 2.3
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In the literature? the lack of much cf a nutrient effect has been

dncunentsd (3.13). Hanawalt describes conditians uahich inhibit cel

di vision as being favorable for repair. |ndeed; conditians which'

sl ow nst abaii sny such as iouj nutrient availability may provide extra

time for all the enzyme systens operating in the cell to optim ze

reversal of |esions before normal eel 1 function resunes. If eel Is
were to attenpt to transcribe e portion of DNA essential for survival
or toreplicate DNA inmmedi ately after irradiation? the chances of,,
survival are small. This also accounts for the difference in uv
sensitivity during the |I ifecycle of bacteria (3D). Oganisns are
known to be nore resistant to radiation effect during the stationary
phase when DNA replication and protein synthesis are slow? than
during other? nore active phases of growth. Col ifornms in wastewater
ef fl uent have nearly exhausted the food supply? and so have a
relatively slow netabolic rate. Mrgan Creek is a nore dilute
nutrient environnent? conpared to the wastewater? and therefore would
not stinulate growth. This postpones DNA replication further? giving
the cell nore time to reverse danage sustai ned during disinfection.
There is relatively little absorption of near-uv |ight by Mrgan
Creek water. However? absorption of |ight bel ow 3DOnm i ncreases?

whi ch includes the damagi ng portion of suni ight nmaking it unavai |abia
for further disinfection. Therefore? photoreactivating wavel engths
woul d be the main conmponent of | ight reaching the organisms. It has
al ready been stated that near-uv | ight highly favors PR over possible
danmagi ng effects. One would therefore expect the nunber of col iforns
to increase downstrean? after uv treatnent? especially under

condi tions which pronmote PR? the nost efficient of the repair

syst ens,
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EFFECT OF UV DOSE ON P!~

In both phases of this investigation) a uv dose-survival curve
was generated including uv doses of 4) 9) 16) and 26mAé/cm * (uv
dose 42 was added to the field experinents)) giving from1.5 - 4.C
logs of I<i i 1 s . Sanples of the irradiated secondary effluent were
a'l owed to phatoreactivate under optinmum conditions) as recorded in
previous experiments (i.e. at 6DDnUs/cnf in the [ab) or for 6D mn
in Morgan Creek). (See Figs. 13) 14 and Table 9) 1Q. PR
consistently yielded a | og or better of recovery) even at | ow uv
doses. As the disinfection dose increased) the proportion of
survivors due to PR increased) so that at high doses) there was 1.5 -
2.Q lags of recovery) in the | ab. Field conditions were nore
variable. Sunlight intensity ranged from1.7 ~ 4.5 mJcm”) over
the 4 days of experinentatian. There was no significant difference
in PR due to the changing intensity) a difference of D.5 log units
bei ng statistically significant (6),

This has serious inmpl ications in uv disinfection) since there can
be nore recovery at higher uv doses. AlsO perhaps at high doseS) 6D
m nut es of exposure to sunlight is not adequate for optinal
recovery. There are nore iasionS) the majority of which nust be
reversed in order for the cell to survive) as was the case in the
Sergen County study.

The data was plotted as follaws: the nunber of survivors at a
given uv dose without PR (i.e. the dark control) an the right
ordinate vs. the nunber of survivors at the equival ent uv dosS) after
PR an the abcsissa) as adapted from Jagger (23), According to him
since the resulting line is straight) there is a direct) constant

reduction of the uv dose as a result of PR The slope of the line
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VDCSE [ "W/ ™. ]

3800/\0

AFTER
5
DARK
nesS TROL
aric aftsr sxpnsLira tn PR 'ight in the iabcratary. =R ccsa = 620
nli-s/cn@. Bars indicate rancs; b) U Dasa Redi-ict ' = -actcr - shews the

ret'a af the uv dose at a siven dark survival (r'sht =rdinete) tc the uv

Ccse yielding the sane survivai after exsGsur: -* /(absc: ssa)

—a__ 7 "n
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WV DCSE ' Ws/ 2 |

30 35 40 45
5
JO
C
P5 <
o
(@]
0)
. 201 3
AFTER
A PR
in25 25 3
.30
~ DARK
C_CONTROL s
mx<4
.40
4.51 145
"MGIRE AL a) M35 Surv'.vlsi vs. W Dose. -eral lei survival ZUrvss
before and after exposure to sunlight for feOnr nutes. Bars ca".
aange ") WV Dose Reduotio- -s-to- - shoics the ratio.of the uv dose

at a given dark survival (I"ight ordinste) to the uv dose yielding the

sane surv'vai after exposure to PR Mght (abscissa). Siope = 4.3.
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m € 9 PHOTOREACTI VATI ON OF UV-1 RRADI ATED COLI FORIVSB

na -1 - - 2 3
UVDos ; :
(mks/cnt) ! ~—&TISH 170 =S ToPR—cal BAT—T-0"5"~0PR cel | s/nT Tai s~~UPR
D Sa333 S35 S4a38IiD
, Dark 71 -1.77 " 88 -1.5S 78 -1.55
Light 34DD «- . ." -0.37 37.7 1313 -D.14 37.4 1343 -D.41 36.8
7Dark 4.7 -3.24 2.8 -3.08 4. 8-2. 86
Light 523 -1.20 6.2 231 -1.16 6.8 243 -1.16 6.7
-, Dark 3.2 - -3.42, 1.4  -3.38 1.8 -3.27
Light 12D - —1.86 1.4 40.5 -1.72 1.2 385 -1.76 1.1
_. Dark 0.7 -3.76 0.3 - 4. 05 0.65 -3.73
Light 17.0 -2.70 0.2 55.7 -1.78 1.7 7.0 -2.70 0.2

uv AbBor bance .. 242 0. 248 . 216

PR Dose / 6 DD- -.:>-: 600 600
(mJ -s/cnt)
AR Intensity . 212 - .238 .212 - .238 .212 - .238

=1

(M) - s /7 cm D) . -
Sampl e source: Secondary effluent fromthe Mason Farm plant.
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TABLE | D UV Dose—surVival Curves af Col iforns Befare and After
Fhot or eacti vati Dn.

6/ 22 6/ 2E 6/ 27 6/ 28
UV Dase cfu/ mL 1 dsS cuf/ miL i ags o fu/m l ogS _ cuf/m | dbS
o} 4, 333 1, 200 3,213 3, 420
D 2D1 -1.34 33 -1.56 221 -1.16 41 -1.92
4
L 372D -D. | 483 -0.4 1,537 -0.32 1, 270 -0.43
o] 3.2 -3.14 1.2 -3.01 10.5 -2.49 18.0 -2.28
-
L 583 -D. 9 151 -a. 7 416 -0. 39 387 -0. 95
D 1.2 -3.57?a .45 -3.43 6.8 -2.67 1.1 -3.5
16
L - 11l -1.6 32.5 -1.57 86 -1.57 67 -1.71
D 6.2 -2.86 .13 -3.75 2.6 -3. 09 0.37 -3.97
26
L 19. 1 -2.37 8.5 -2.15 13.0 -2.39 10. 2 -2.53
D 12 -4.01 2.5 -3.10
42 P
L 2.56 -2.67 15.5 -2.32 2.77 -3.09
Sun | i ght
intens i ty = 2.95 - 3.6 4.5 4.3 3.9 - 4.1 1.9 - 3.6
(mulcni'?)

PR nmne = 60 m nutes
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vields a "dose reduction factor" which wi !l predict the anount by
which the uv dosa wi | | have to increased to conpensate for PR In
the | aboratory where the PR dose was held constant at 6QOMW¥s/cm” |
the uv dose is effectively decreased by two-thirds. In field
conditions) with the sunlight intensity varying froml.D -
4.5nNV¥ cnk over the four days of experinentationj the uv dose was
decreased by approxi mately 75%

The fol lowing exanple wi | | help i | lustrate this in nore practi cal
terms. If we assume that a uv dose of ZfemWs/cnt wi | | yield 3.5
l ogs of disinfection without PR? then we can predict survival after
PR. Assum ng opti mum condi ti ons of bright sunlight intensity;
relatively warm wat er tenperatures (24-2fc°)> and adequat e exposure
tine (60 mn.)) then we can calculate fromthe data that the
effecti ve uv dose will be reduced by a factor of 3-4. Therefore; in
order to conpensate for the effects of PR? the initial uv dose nust
be i ncreased by the sane factor. Therefore) a uv dose of between

7S- 1 DAmJ)-s/cn? is necessary; to ensure 3.5 logs of kill> even after

PR.

°YREX BOTTLE V5. OPEN BEAKER . ; %9,:

One final set of experinents was perfornmed) to determ ne whet her
t he pyr-sx battle significantly influenced ccliformsurvival; by
decreasing the intensity of the incident suni ight on the sanpl es
whi |l e incubating in the stream or by absorbing germ cidal conmponents
in the sunlight. It has been reported that sunlight can be an

effecti ve disinfectant for aquatic m crobes (21; 43). Effl uent with


NEATPAGEINFO:id=57703451-9D1B-48CA-943F-659C18E4E9F3


a _59-
| uv doses of 4 and 9] and ZfcmA ec/cm® ujere placed i”*n either pyrex
bottl es of open beal <ers; and i ncubated for 6D mnutes in the creek.
There was no significant difference in survival between the two
treatnents) except at the uv dose 26. (See Fig. 15 and Table 11).

I n unirradi ated sanpl esj which were either wapped to excl ude
sunlight or incubated exposed to the sun in a pyrex bottle or beaker;
there was a si ight but significant | ethal effect. This was al so seen
in an earl ier study of PR with Chapel H !'1 effluent (I1D); where the
nunber of colifornms in effluent sanples i ncubated in sunlight

dec lined slightly.

Data fromaii experinents were al so anal ysed for statistically
significant interaction between treatnent and sanpling day using the
SAS nodel as before; and anal yzing at both the 95 and 99% confi dence
"intervals. It was found that the differences between sanpl es taken
on different days had a definite effect on the results. That is to
say; in nost cases; the col iform popul ation varied from dsy t o day;
and this influenced their response to uv irradiation as well as to
PR, There was no difference between the days during the bottle vs.
beaker experi nents. There was a significant difference in the
response of irradi ated sanpl es; however there was no i nteraction
between the two. The difference attributable to sanp | ing day had no
consi stent effect on the treatnents; neither synergystic nor
antagoni stic; in the two days of experinenting for the -'”~beaker vs.
bottle-'-' series. It would appear that the sanple fromthe first day
was nore resistant to uv disinfection than the second day; when the
uv absorbence was al so hi gher. This illustrates one of the

difficulties In this study; namely that the wastewater


NEATPAGEINFO:id=8A8247BC-C53D-42CF-9FC8-30B290EF2B59


-6D-
i characterist!cs changed avsr tinej end this can have a significant

effect an its response to both disinfection and PR Thus>

generalizations are difficult to nake with high degrees of

confidence) since sone of the data appear to be contradictory.

I ncreasing the nunber of rep! ications of each experinent woul d

per haps allow a better understandi ng of which factors m ght be nost

influentiaij which control iabie? and which di scount abl e.
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" ABLE 11
UV and PR Survival Curves - Open Beai <er vs. Pyrex Bottle
712 7/ 3
dose . cfu/rr 1 i G5 S cfu/ m -lag S
D A..A® At 5, 76D 5. 886- -7
4 dar 'k 232 -1.37 243 1.38
beaker 3D80 -0. 27 243. 3 - D. 38
bott ! e 2350 -0.39 2672. 7 -0.34
7 dark _ .- 13.D . A 265 2.0 -3.47
beaker 78D. 7 -n. 87 .1093. 3 -0.73
-.bottle 558. 3 -1.01 991.7 -0.77
26 dar k |.D -3.76 0. 48 -2.43
beaker 24.7 -2.37 21.8 -2.43
batt! e; 14.8 -2.59 28. 2 -2.32
exposure tinme (sunlight ) - 6D mn
Sun i i ght I -
July 2nd = 1.34 - | .B nJcm®

July 3rd = 3.35 - 3.7D nWcnl
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CONCL USI ONSs

Al t hough the results are sonewhat variable) there are nonethel ess
several concl usi ons which can be drawn:

1) W light is and affective disinfectant) however it has
Il T m tati ons. - . i ; . ,

2) PR can have a | arge i npact on the | evel of disinfectionj
greatly reducing the effect of the initial uv dose) by
as nmuch as 75%

3) Factors) such as sunlight intensity) tenperature) water
qua! ity of the receiving strean) and di stance downstreamn)
will influence PR Condi ti ons which favor PR include fairly
bright sunlight (above 2.D nWcm ~)) relatively | ow nutrient

J content of the receiving strean) warnmvater (24-26°C)) and
adequat e exposure tine (60 mn,).

4) These nust be taken into account) if uv is to be used as a
di si nfectant) and that when conditions are favorable for PR>
t he uv dose nust be increased to conpensate for the
past-irradiation regrowh. These | inmtations | ie on the flat
part of the survival curve) where increasing the uv dose dose
not yield proportionately |lower survival. Wstewater quality
wi || in part) determ ne the | evel of disinfection possible.
The uv dose may have to be increased by 3 - 4 tines the

equi val ent dose without PR> in order to nmi ntain adequate

| eve 1s of di s i nfect i on .
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