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INTRODUCTION
The recognition of ultraviolet (UV) light as an effective
water disinfection technology and an alternative to
chemical disinfection has led to an increased number of UV
treatment facilities throughout the world. Despite
differences in inactivation levels, UV disinfection is effective
against a variety of pathogenic micro-organisms including
viruses, bacteria and protozoan cysts (Hijnen et al. 2006).
Many organisms, such as fecal coliforms (FC), are known to
possess the ability to repair UV-induced DNA damage by
light-dependent (photoreactivation) and light-independent
(dark repair) mechanisms. These repair mechanisms can
potentially represent a disadvantage for UV disinfection
treatments and must therefore be carefully assessed at
different UV doses and under various physical and chemical
conditions. Furthermore, since photoreactivation of
coliform bacteria under favorable conditions can be
significant (>1 log), further research into the extent of
photoreactivation likely to occur in more realistic situations
is necessary. In any event, creating conditions unfavorable
for photoreactivation should be part of a UV disinfection
strategy.
This study seeks to evaluate pre- and post-UV irradiation
conditions able to decrease photoreactivation of fecal
coliforms at low UV doses (10 and 20 mJ/cm2). Primary
objectives are to assess the effect of the following
conditions on FC photoreactivation levels in the wastewater
effluent of the Montréal Wastewater Treatment Plant
(MWTP): 1) delayed exposure to photoreactivating light; 2)

various photoreactivating light intensities; and 3)
illumination with visible light prior to and during UV
irradiation. Secondary objectives are to understand the
effect of seasonal changes in FC photoreactivation levels
and the implication of seasonal changes for wastewater
disinfection.

BACKGROUND
Photolyase function
UV-induced DNA damage, namely cis-syn cyclobutane
pyrimidine dimers (CPDs), can be reversed by
photoreactivation. A photosensitive enzyme - photolyase - is
responsible for the uncoupling of the CPDs at a rate which
is dependent upon temperature, light intensity, pH and
ionic strength, and is activated by visible light (Jagger et al.,
1967; Chan and Killick, 1995). Photolyase absorbs light in
the 310 – 480 nm range with a quantum yield of CPD repair
of 0.7, which is several orders of magnitude greater than the
rate of CPD formation (Sancar, 2003; Oguma et al., 2005).
While photorepair rates increase with increased visible light
intensity (Tosa and Hirata, 1999), the maximum survival
value following reactivation is independent of intensity
levels and light source (Lindenauer and Darby, 1994;
Kashimada et al., 1996). Maximum photoreactivation was
shown to be reached after 2 – 3 hours (Whitby and
Palmateer, 1993). The count of viable organisms can
increase by several log values due to photoreactivation, and
thus represents an obstacle to reaching safe disinfection
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levels. For example, Escherichia coli can photoreactivate
with maximum log repair values reaching 3-4 log (Knudson,
1985; Harris et al., 1987). These species are common
biological indicators for disinfection efficiency monitoring in
water systems. The Quebec Ministère du Développement
durable, de l’Environnement et des Parcs typically assumes
1 log photoreactivation for UV-treated wastewater
discharged into the Saint-Lawrence River and has used this
value for specifying UV doses for wastewater treatment
(Government of Quebec, 2005).
Photoreactivation mechanism
E. coli and fecal coliforms photolyase contains two cofactors: a flavin adenine dinucleotide (FAD) and 5,10methenyltetrahydrofolate (MTHF) (Sancar, 2003), which
gives photolyase a maximum absorption spectrum of 360390 nm (Kim and Sancar, 1993). The catalytically active
chromophore form in photolyase is FADH-, the double
electron reduced form of FAD (Losi, 2007). The oxidized
form of FAD (FADHo) binds to the CPD but is unable to
transfer electrons, and is therefore considered inactive.
Upon exposure to visible light (peak at 580 nm), FADHo is
reduced photochemically to FADH- by an electron received
from a tryptophan residue (Sancar, 2003) with a quantum
yield of 0.05 - 0.1 for E. coli (Sancar, 2003). Then, light
quanta absorbed from the blue (300-450 nm) or near-UV
light are transported to FADH-, which splits CPDs (Fraikin et
al., 2000). Once DNA is repaired, cells are reactivated. While
MTHF promotes maximal photoreactivation (by absorbing
over 90 % of sunlight (Sancar, 2003)), it is not essential to
the reaction. Studies have found that upon illumination of
FADH- with blue light (440–490 nm), MTHF was
photodecomposed in the absence of substrate with a
quantum yield of ~ 0.01 (Heelis et al., 1987; Schuman Jorns
et al., 1990). Hence, MTHF decomposition was found to
decrease photoreactivation by 30 % in E. coli, and its
binding affinity was shown to decrease under low ionic
strength conditions, which in turn decreases
photoreactivation (Xu et al., 2006).
UV lamps
Studies have found that photoreactivation of E. coli
following UV disinfection with medium-pressure arc-lamps
(MP) was lower than that with low-pressure arc-lamps (LP)
at UV doses up to 10 mJ/cm2 (Zimmer and Slawson, 2002;
Oguma et al., 2002). Moreover Oguma et al. (2005) found
that wavelengths emitted by MP lamps above 300 nm
rather than between 200-300 nm were possibly responsible
for lower E. coli photoreactivation. However, at a UV dose of
40 mJ/cm2, in vitro E. coli photoreactivation was shown to
be similar for both lamps (Quek and Hu, 2008; ZimmerThomas et al., 2007). In vivo, the effect of MP and LP on
both E. coli and natural total coliforms was also the same at
40 mJ/cm2 (Guo et al., 2009). Although most researchers
agree that the simultaneous exposure to broad wavelengths
(emitted by MP lamps) may be involved in decreasing cell
survival, no study has identified specific wavelengths
contributing to this mechanism.
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Visible light
The effect of visible light alone, in conjunction with UV or
prior to UV irradiation, on bacterial disinfection is poorly
understood. While some studies have shown that
illuminating cells at wavelengths in the visible range (> 400
nm) prior to UV irradiation increased bacterial resistance in
E. coli (Tyrrell and Peak, 1978; Lage et al., 2000; Kohli and
Gupta, 2003), others also found that irradiation with visible
light alone could actually induce bacterial damage
(Vermeulen et al., 2008). Studies have excluded the
possibility that the UVA range (320 – 400 nm) contribute to
photoreactivation during exposure to UV irradiation since
the exposure time is too short (Oguma et al., 2004; Oguma
et al., 2002). Also, UVA is thought to cause damage other
than CPDs which could explain lower photoreactivation
levels of E.coli, in vitro, at doses below 10 mJ/cm2 delivered
by MP lamps (Oguma et al., 2002; Oguma et al., 2005).
Overall, there is a lack of consensus on the impact of visible
light and UVA (both emitted by MP lamps, and not LP
lamps) on bacteria photoreactivation.
Threshold
It is believed that photoreactivation takes place above a
certain visible light intensity threshold, hence behaving like
an on-off mechanism. Currently, no threshold value for
photoreactivating intensity has been definitely determined.
Work by Martin and Gehr (2007) suggested a threshold
value of 700 lux (of incident intensity), but this was based
on a small number of tests. An intensity threshold, and the
variables affecting it, still needs to be determined.

MATERIALS AND METHODS
Sample source and standard procedures
Effluent samples were obtained from the Montréal
Wastewater Treatment Plant (MWTP) (Québec). The plant
uses physicochemical processes (ferric and/or alum
coagulation followed by sedimentation) for suspended
solids and phosphorus removal from wastewater prior to its
discharge into the Saint Lawrence River. Effluent samples
were also obtained from the La Prairie Wastewater
Treatment Plant (La Prairie, Québec), which uses a biological
treatment process. The chemical oxygen demand (COD),
suspended solids concentration, turbidity, and UVT were
measured for each wastewater sample, according to
Standard Methods (APHA et al., 2005). Fecal coliforms were
enumerated, in triplicate, by membrane filtration technique
(APHA et al., 2005) using DifcoTM mFC (Sigma) agar.
UV irradiation
UV irradiation experiments were conducted by standard
collimated beam tests, using a low-pressure lamp (Bolton
and Linden, 2003). Emitting light primarily at 253.7 nm, a
LP lamp was mounted over a collimating tube. Wastewater
samples of 50 mL were poured into a crystallization dish (60
mm in diameter and 35 mm deep), containing a magnetic
stirring bar, and placed on a magnetic stirrer under the
collimated beam (cáÖìêÉ=N). Incident light intensity, which

ranged from 175 to 195 μW/cm2, was measured before
each sample exposure to UV light using an IL 1400A
radiometer with a cosine diffuser lens (International Light,
Newburyport, Massachusetts). The average UV intensity
was calculated using the Morowitz (1950) equation:
[1]

Iavg = Io

(

1 e -dx

ln 1
T

d x ln 1
T

)

where Io is the incident irradiance (mW/cm2); d is the depth
of the wastewater sample under the UV lamp (d = 2.3 cm);
T is the transmittance at 254 nm with a cell path length of
1 cm; Iavg is the average irradiance reaching the irradiated
sample (mW/cm2).
The exposure time was then adjusted to achieve the desired
UV dose using the following equation:
[2]
Dose (mJ/cm2) = Iavg (mW/cm2) x time (s)
Inactivation values are expressed as (No - N), where No and
N are the number of colony forming units (CFU/100 mL)
initially present in the sample and after UV irradiation,
respectively.
Light and dark repair
Total repair for each sample was determined after 3 hours
under visible light (Sylvania 20 W Grow-Lux wide spectrum
lamps, Sylvania, Mississauga, Ontario) in a ventilated
chamber equipped with a magnetic stirrer. Different
photoreactivating light intensities were obtained by varying
the number of lights and covering the lamps with black
material. Unless otherwise stated, the intensity of the
photoreactivating light used during all experiments was
above 3000 lux. Incident fluorescent light intensity was
measured with a light meter (VWR International, West
Chester, Pennsylvania). Samples used to determine dark
repair were stirred for 3 hours in the dark. Dark repair was
subtracted from total repair in order to obtain
photoreactivation only. Photoreactivation results were
normalized with the total amount of bacteria inactivated in
order to obtain a number ‘per unit of bacteria inactivated’
as shown in equation 3. Unless otherwise stated,
photoreactivation is expressed in this manner throughout
the study.
Np - Nd
[3]
No - N
where Np is the total number of bacteria after 3 hours of
exposure to visible light, Nd is the total number of bacteria
after 3 hours in the dark (in both cases after UV irradiation).

Figure 1: UV collimated beam and halogen lamp configuration,
showing location of the UV and visible light sensors

During simultaneous exposure experiments, the exposure
time of visible light was the same as the exposure time of UV
irradiation required to obtain the desired dose. Exposure
time was adjusted to the UV transmittance at 254 nm
(equations 1 and 2), and ranged between 2 – 3 minutes
depending on the transmittance. The same method was
used during pre-illumination experiments, where exposure
time to visible light was the same as that of UV irradiation.
Miscellaneous
Initial FC counts were decreased by dilution using
wastewater sterilized in the autoclave. Finally, statistical
analysis was conducted with SPSS 15.0 (Chicago, Illinois).

RESULTS
Effluent quality
Measurements of the MWTP effluent components showed
that COD, SS, turbidity, and UVT values did not vary
significantly throughout the year (q~ÄäÉ=N). The initial fecal
coliform count, however, was higher during the summer.
Data obtained from the MWTP revealed that wastewater
effluent temperatures varied from 22 – 27 oC in the summer
to 9 – 11 oC in the winter.
Table 1: Wastewater effluent quality parameters

Parameter

Unit

Mean

SD

COD

mg O2/L

123.6

35.1

6.2

0.2

FC (summer) log CFU/100 mL
FC (winter)

log CFU/100 mL

4.4

0.4

SS

mg/L

19.2

5.1

Turbidity

NTU

14.6

3.2

UVT

%

36.4

9.5

Simultaneous and pre-illumination to visible light

Dark delay

During both pre-illumination and simultaneous exposure
experiments, exposure to visible light was carried out with a
halogen lamp (400 - 800 nm) installed perpendicularly to
the UV source at a distance of 5 cm from the side of the
crystallization dish (cáÖìêÉ=N). Incident light intensity (400 –
800 nm) was 52 000 lux (3.23 mW/cm2). Visible light was
able to penetrate through the quartz walls of the
crystallization dish.

A series of experiments was conducted in order to
determine the effect on FC photoreactivation levels of
delaying exposure to photoreactivating light (dark delay)
following UV irradiation. A delay of 3 hours, which equals
the average time the effluent spends in the outfall tunnel at
the MWTP, is thought to be sufficient for the maximum
impact on any decrease in FC photoreactivation in the
effluent reaching the receiving water body. Thus, after being
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irradiated at UV doses of 10 or 20 mJ/cm2, samples were
either 1) exposed to visible light (photoreactivating light)
immediately after UV irradiation or 2) kept in the dark for 3
or 6 hours before exposure to photoreactivating light. For
each experiment, bacterial counts were made after 3 hours
of photoreactivation.
Results in cáÖìêÉ= O show that dark retention of 3 and 6
hours significantly decreased photoreactivation of fecal
coliforms. After a dark delay of 3 hours, photoreactivation
levels dropped from 33 (± 7) % and 5 (± 1) % to zero at UV
doses of 10 and 20 mJ/cm2, respectively. These results
suggest that a dark storage longer than 3 hours is not
necessary
to
achieve
significant
reduction
in
photoreactivation. Reduction of photoreactivation after a 3hour dark storage was also observed in FC populations of
the La Prairie wastewater effluent at a dose of 10 mJ/cm2,
where photoreactivation decreased from 9 (± 3) % to 0.3 (±
0.2) % after a dark delay of 3 hours (data not shown),
implying that results are the same regardless of whether the
effluents are produced from a physicochemical or biological
treatment process.

terms however, photoreactivation potential might be
overestimated in locations where wastewater effluent is
released at the bottom of receiving water bodies, where
light penetration is limited due to light absorption by
dissolved organic matter and particles. In such a situation,
light would only penetrate down to a few meters, below
which photoreactivation would either be greatly limited, or
simply non-existent, as suggested by Gehr and Nicell
(1996). However, some effluent characteristics, such as
temperature and salinity, may bring effluent discharge to
the surface, reachable by sunlight, in which case
photoreactivation levels could increase.

Figure 3: Photoreactivation of FC populations at various
photoreactivating light intensities following a UV dose of 10 mJ/cm2

Seasonal effect

Figure 2: Effect of delaying exposure to photoreactivating light (3- or 6hr dark delay) on photoreactivation of FC populations from the MWTP
at UV doses of 10 and 20 mJ/cm2

Photoreactivation and inactivation of fecal coliforms were
compared between wastewater samples collected during
the summer and samples collected during the winter. Figure
4 suggests that fecal coliform populations from summer
samples are more sensitive to inactivation. At a UV dose of
10 mJ/cm2, 2.6 log FC were inactivated in the summer,
compared to 1.4 log in the winter (cáÖìêÉ=Q).

Intensity threshold
The sensitivity of FC photolyase to the intensity of
photoreactivating light was examined. Following UV
irradiation at a dose of 10 mJ/cm2, samples were exposed
to various photoreactivating light intensities. The average
photoreactivating light intensity was calculated with
equation 1 using transmittance at 368 nm. Bacterial
enumeration was carried out after 3 hours of
photoreactivation. Results in Figure 3 show that
photoreactivation is insignificant below 440 lux, and it
increases above 440 lux to reach maximum
photoreactivation at 770 lux.
This result differs slightly from findings of Martin and Gehr
(2007) who found a key threshold value of 700 lux (of
incident intensity). Our results suggest the existence of a
zone between 440 and 770 lux of average intensity (or 560
and 880 lux of incident intensity) within which
photoreactivation increases. To our knowledge, there has
been no experiment carried out with purified photolyase to
address photoreactivation threshold levels. In practical
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Figure 4: Inactivation curve of FC populations at various UV doses

cáÖìêÉ=R^=shows that the fraction of bacteria able to recover
from inactivation is significantly lower in the summer (June
– September) than in the winter (January – February) at UV
doses of 10 and 20 mJ/cm2 (P-values obtained from
Mann–Whitney U-tests are 0.003 and 0.019 for 10 and 20
mJ/cm2, respectively). During the winter, photoreactivation
reached 33 (± 5) % at a dose of 10 mJ/cm2, compared to
only 14 (± 4) % during the summer. At a dose of 20
mJ/cm2, photoreactivation was roughly 6 times lower

during the summer. However, when considering the total
number of bacteria that photoreactivated (Np – Nd), a
greater number of bacteria photoreactivated during the
summer at both doses (cáÖìêÉ=R_).

were diluted prior to UV irradiation in order to obtain initial
FC concentrations similar to winter samples.

Figure 6: Seasonal variation in photoreactivation of FC as a function of
number inactivated, at a UV dose of 10 mJ/cm2
Figure 5: Effect of season and UV dose (mJ/cm2) on photoreactivation
of FC populations expressed as a fraction of inactivated population (A)
and log photorepair (Np – Nd) (B)

Wastewater comprises both free-swimming and particleassociated microorganisms. At a UV dose of 10 mJ/cm2,
most free-swimming bacteria are inactivated, whereas
particle-associated bacteria usually require higher UV doses.
In Figure 4, the slope of the inactivation curve for summer
FC, up to a UV dose of 10 mJ/cm2, was -0.26 ± 0.008,
compared to -0.14 ± 0.016 in the winter. This suggests that
free-swimming bacteria in the summer are less resistant to UV.
FC photoreactivation has not been shown to be impacted
by wastewater particle concentration (Whitby and
Palmateer, 2003; Martin and Gehr 2007). At the MWTP,
suspended particle concentrations do not vary significantly
between summer and winter. The seasonal difference in
photoreactivation observed at a UV dose of 10 mJ/cm2 is
believed to be mostly contributed to by free-swimming
bacteria. In this case, the smaller contribution of particleassociated bacteria to inactivation counts would not greatly
affect photoreactivation levels, as calculated by equation 3
above. However, at 20 mJ/cm2, higher photoreactivation
levels in the winter could possibly be due to a lower ratio of
free-swimming to particle-associated bacteria. The particleassociated bacteria, exposed to attenuated UV doses, could
photoreactivate more easily. However, this hypothesis could
not be confirmed. Due to the nature of bacterial
populations found in summer wastewater, the lethal effects
of UV on photolyase and on DNA of free-swimming bacteria
seem to be more severe, and this probably prevents
photolyase from repairing damaged DNA once exposed to
photoreactivating light.

Photoreactivation obtained at various initial concentration
values (either natural or diluted) is shown in cáÖìêÉ= T.
Photoreactivation levels of FC in samples containing a low
initial FC concentration (obtained by diluting wastewater
samples) was lower than levels obtained from the winter FC
populations at the same initial FC concentration. The effect
was observed at initial concentrations below 100,000
CFU/100 mL. In order to obtain similar No to what is
typically found in winter wastewater, summer samples were
diluted with sterilized wastewater; bacteria concentrations
were reduced, whereas particle concentrations remained
the same. Results of the dilution experiment also suggest
that there is no correlation between photoreactivation and
initial count; i.e. photoreactivation levels do not change,
regardless of initial FC concentrations. This result agrees
with the study of Lindernauer and Darby (1994), who
observed
no
significant
correlation
between
photoreactivation and the initial number of coliform in the
wastewater at UV doses from 30 to 239 mJ/cm2. Therefore
according to all these results, higher photoreactivation
taking place during the winter cannot be explained by lower
initial FC concentrations. The weaker ability of FC summer
populations to photoreactivate is more likely due to the
intrinsic properties of summer FC populations, water quality,
and overall properties of the flocs in the effluent.

Effect of initial count
cáÖìêÉ= S shows photoreactivation of FC populations from
wastewater obtained during three consecutive seasons
(winter, summer and spring) after UV irradiation at 10
mJ/cm2. At the same irradiation dose, inactivation varies
between the three seasons, and the photoreactivated
fraction (Np – Nd/ No – N) is greater for winter and spring
FC populations. The difference is especially noticeable at
inactivation values below 100,000 CFU/100 mL. Since the
initial FC concentration varies between seasons, to test the
effect of initial concentration, summer wastewater samples

Figure 7: Photoreactivation of FC as a function of initial count, at a UV
dose of 10 mJ/cm2

Effect of pre- or simultaneous illumination by
visible light
The pre-illumination effect was examined in FC populations
by exposing samples to visible light (400 – 800 nm) prior to
UV irradiation for a duration equivalent to a UV dose of 10
mJ/cm2 (two to three minutes depending on the sample’s
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UVT value). In cáÖìêÉ= U, it is seen that photoreactivation
decreased by 46 (± 13) % in samples exposed to visible light
immediately prior to UV irradiation.

Figure 8: Effect of pre-illumination with visible light on
photoreactivation of winter FC populations from MWTP at a UV dose of
10 mJ/cm2

In order to further examine the effect of pre-illumination on
photoreactivation, UV irradiation of the pre-illuminated
samples was delayed. Thus, to test whether the effect of preillumination was maintained over a long period of time,
samples were pre-illuminated for the same amount of time
as in the previous experiment (the time required for a UV
dose of 10 mJ/cm2) and were then kept in the dark for 10
and 30 minutes before undergoing UV irradiation at a dose
of 10 mJ/cm2. cáÖìêÉ=NN shows photoreactivation of UV-only
irradiated samples (control) and 3 pre-illumination
scenarios: no delay, 10, and 30 minute delays. Results
suggest no significant differences in photoreactivation
between the 4 conditions according to a p-value = 0.272
obtained from the Kruskal-Wallis test. Hence,
photoreactivation levels are lower for pre-illuminated
samples, regardless of a delay in subsequent UV irradiation.
Also, results suggest that the effect of 400 – 800 nm light on
photolyase prior to UV irradiation is maintained for at least
30 minutes.

Figure 9: Effect of simultaneous exposure to visible and UV light on
photoreactivation of FC populations from MWTP at a UV dose of 10
mJ/cm2

The effect of visible light (400 - 800 nm) on
photoreactivation was also examined by exposing samples
to visible light and UV irradiation simultaneously. In cáÖìêÉ
V, results show that, on average, the recovery of fecal
coliform populations after 3 hours of photoreactivation was
53 (±16) % less for samples simultaneously exposed to
combined visible and UV irradiation, compared to UV
radiation alone.
Pre-illumination and simultaneous exposure to UV and
visible light were both observed to decrease
photoreactivation. cáÖìêÉ= NM shows that there is no
significant difference between photoreactivation levels
obtained from pre-illumination and those obtained from
simultaneous illumination experiments. The effect of visible
light was found to significantly decrease photoreactivation
according to the Kruskal-Wallis test, with a p-value = 0.021.

Figure 10: Comparing photoreactivation of FC with and without
simultaneous exposure or pre-illumination at a dose of 10 mJ/cm2
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Figure 11: Comparison of photoreactivation levels of simultaneously
illuminated and pre-illuminated samples with UV only irradiated samples
(control) at a UV dose of 10 mJ/cm2

DISCUSSION
Results have shown that FC photoreactivation levels were
higher in the winter than in the summer. Which processes or
factors contribute to seasonal variation of FC
photoreactivation with and without exposure to
simultaneous UV/visible light? The combination of visible
light and UV irradiation of FC involves many mechanisms
which take place simultaneously. These include mainly 1)
the reduction of photolyase by visible light, 2) the
photodecomposition of the MTHF co-factor in the absence
of substrate when photolyase is fully reduced, and 3) the
formation of CPDs. During in vivo experiments, the level of
photoreactivation is dictated by (but not restricted to) a
combination of all three mechanisms. The difference in
inactivation and photoreactivation levels between summer
and winter months suggests that the contribution of each of
these mechanisms differs according to population
characteristics and species composition. Also, the ratio of
free-swimming to particle-associated bacteria could vary
between seasons. However, at low UV doses (10 mJ/cm2),
photoreactivation is believed to be mostly contributed to by
free-swimming bacteria, thus photoreactivation should not
be significantly affected by this ratio. Also, the effect of
suspended solids on photoreactivation levels has not yet
been proven. One factor that needs further research is the
initial oxidation state of photolyase in FC populations. Since

the
presence
of
fully
reduced
FAD
allows
photodecomposition of MTHF (i.e. lower photoreactivation)
when exposed to visible light, a higher content of reduced
FAD in winter FC could explain the stronger effect of visible
light on those populations. Conversely, summer FC may be
high in oxidized FAD. Consequently, FAD would need to be
reduced first for photodecomposition of MTHF to take
place. Also, a higher content of oxidized FAD in summer FC
could explain the observed lower photoreactivation levels.
However, since other factors may contribute to this
mechanism, this explanation is only a hypothesis at this
stage that needs to be verified.
The germicidal effect of visible light when combined with
UV irradiation (pre-illumination) may be explained by the
photodecomposition of the MTHF co-factor by blue light in
the absence of CPDs (i.e. before UV irradiation). In the
absence of CPDs, electrons transferred by FAD upon light
absorption lead to the decomposition of the co-factor,
which decreases repair efficiency. Heelis et al. (1987)
reported a 30 % decrease in photoreactivation of E. coli, in
vitro, in the absence of substrate (CPD). They showed that
the decrease in photoreactivation was explained by
photodecomposition of the second co-factor. During
simultaneous exposure to both visible and UV light, the cofactor may still undergo photodecomposition during UV
irradiation, since the quantum yield of MTHF
photodecomposition is much higher than that of CPD
formation at 254 nm. Thus, a decrease in photoreactivation
was still observed when both visible and UV light were
applied simultaneously.

Experiments conducted after snowmelt (end of April 2008)
did not show significant reduction of photoreactivation
levels when samples were exposed to combined UV/visible
irradiation and pre-illumination. Since it was shown that
photoreactivation values of FC populations were higher
during the winter, seasonal differences in FC populations
may be involved in these findings. Also, two factors that
may affect photoreactivation levels are the oxidation state of
FAD and the binding affinity of MTHF. Since the quantum
yield of FAD reduction is one order of magnitude greater
than that of MTHF photodecomposition, seasonal variations
of photolyase’s oxidation state is not likely to impact
photoreactivation. However, if the oxidation state of
photolyase is indeed a key factor in the effect of visible light
on photoreactivation, this aspect should be further
investigated in order to better understand the difference in
photoreactivation between summer and winter FC
populations. Finally, the contribution of UVA light to
decreased photoreactivation is excluded since UVA light is
not emitted by the halogen lamp. Therefore, UVA light
emitted by MP lamps is not solely responsible for decreased
photoreactivation levels.
Many photoreactivation experiments conducted in vitro
experiments do not take into account the interaction of real
water and wastewater components with the microbial
populations. The MWTP wastewater effluent quality varies
seasonally. Conductivity varies from 750 μS/cm in the
summer to 1500 μS/cm in the winter, and temperatures
fluctuate between 9 and 27 oC throughout the year. On the
other hand, there is little variation in COD, SS, and pH.
Although temperature was found to have little effect on
coliform photoreactivation (Guo et al., 2009), research has
found that higher ionic conditions increased the binding
affinity of the MTHF co-factor, thus increasing its
photodecomposition (Xu et al., 2006). One may suggest
that FC grown in higher salt-concentration waters (such as
in winter effluent from the MWTP) contain photolyase
whose molecular qualities affect its photoreactivation
performance. In summary, one cannot ignore the effect of
wastewater quality parameters on photoreactivation
response of FC found in these wastewaters.

CONCLUSIONS
Results of this research have shown that some postirradiation
conditions
successfully
decreased
photoreactivation. A 3-hour delay in exposure to
photoreactivating light was effective at almost eliminating
photoreactivation, and there was a significant decrease in
the photoreactivation effect if the sample was exposed to
visible light below 440 lux. Pre-irradiation conditions such as
pre-illumination or simultaneous illumination with visible
light also decreased photoreactivation. Winter FC
populations were shown to be more sensitive to these
conditions than FC summer populations. The effect of
visible light on FC populations concurs with results obtained
during studies with medium pressure (MP) lamps, which
include a visible light component. Those studies have shown
that the effect of MP lamps on photoreactivation levels was
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likely due to wavelengths longer than 300 nm at low doses.
In this research, wavelengths longer than 400 nm impaired
photoreactivation, thus excluding the possibility that the
UVA (320 – 400 nm) range is responsible here for decreased
photoreactivation levels at low doses. However, more
research is necessary to assess the full effect of UVA and
visible light wavelengths on FC populations found in
wastewater effluents. Our results have also shown that
inactivation and photoreactivation levels differed between
summer and winter months. A particle size distribution
analysis should be carried out in the MWTP wastewater to
assess seasonal differences of particle content. Also, the
fraction of free-swimming to particle-associated bacteria
should be analyzed when using higher UV doses (>10
mJ/cm2). Elements such as changes in bacteria population,
wastewater composition, and possibly a difference in the
oxidation state of photolyase could contribute to seasonal
variation in photoreactivation. Understanding variations in
photoreactivation levels of indicator organisms is essential
for wastewater treatment plants using low UV doses and for
plants whose UV doses are periodically decreased by factors
related to maintenance or operation, such as lamp fouling.
Results of this research show that wastewater treatment
plants using UV disinfection can be designed in a way that
may significantly reduce photoreactivation and contradict
the 1-log photorepair assumed by provincial legislation. A
modification to this assumption would allow an easier
implementation of UV disinfection in wastewater treatment
plants, and at lower operational cost.
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