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Abstract

Enterococci are used to monitor recreational water quality worldwide so understanding their fate 

and transport in the environment is essential to the protection of human health. As such, 

researchers have documented enterococci inactivation under various exposure conditions and in 

diverse water matrices. However, the majority of studies have been performed using lab-cultured 

bacteria, which are distinct from indigenous, un-cultured bacteria found in the environment. Here 

we investigate the photoinactivation of indigenous, un-cultured enterococci from a range of 

sources, including wastewater treatment plants (WWTPs), marine beaches, urban streams, and a 

wastewater-influenced pond. We concentrated indigenous enterococci from their sources using 

filtration and centrifugation, placed them in a clear, buffer solution, and then exposed them to 

simulated sunlight to measure their photoinactivation rates. Indigenous, uncultured enterococci 

first order decay rate constants (k) spanned an order of magnitude, from 0.3 to 2.3 m2kJUVB
-1. k of 

indigenous enterococci from WWTPs tended to be larger than those from surface waters. k of 

lab-cultured Enterococcus faecalis was larger than those of indigenous, un-cultured enterococci 

from most sources. Positive associations between the fraction of pigmented enterococci and 

sunlight susceptibility were observed. This work suggests that caution should be taken when 

extending results on bacterial photoinactivation obtained using lab-cultured bacteria to 

environmental bacteria, and that enterococci pigmentation may be a useful metric for estimating 

photoinactivation rate constants. 
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Environmental Significance Statement

Enterococci are known to decay under sunlight exposure through a process called 

photoinactivation. However, it remains a challenge to predict their photoinactivation decay rates 

in natural water systems, which limits the development of accurate and dependable water quality 

models. In this study we document photoinactivation rates of indigenous populations of 

enterococci from diverse natural and wastewater sources. We find that photoinactivation differs 

among indigenous enterococci from diverse sources and that the pigmentation of enterococci 

communities is associated with photoinactivation rate constants. 
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1. Introduction

Enterococci are used to monitor recreational water quality, and their presence in 

recreational waters is associated with swimmer and surfer gastrointestinal illness 1–5. In the 

United States, microbial pollution at recreational beaches is estimated to cause 90 million 

illnesses each year, resulting in an economic burden of over $2 billion 6. Microbial water quality 

in the natural environment varies significantly on both spatial and temporal scales 7–10. Modeling 

efforts that consider enterococci fate and transport aim to understand and predict enterococci 

concentration variability in natural systems 11–13. 

Sunlight is one of the most important factors affecting pathogen and pathogen indicator 

concentrations in surface waters 14–19. Previous work to understand rates and mechanisms of 

bacterial pathogen and indicator photoinactivation has relied mostly on lab-cultured bacteria, 

including reference strains purchased from culture collections and strains isolated from the 

environment 20–27. Fewer studies have used indigenous or wastewater bacterial pathogens or 

indicators to study photoinactivation rates in mesocosms or in situ in surface waters.15,16,28–30 

Lab-cultured, environmental strains have been observed to decay differently under sunlight 

exposure than lab-cultured, reference strains 21,27,31,32. For example, Nguyen et al. observed that a 

lab-cultured, environmental isolate of enterococci from wastewater photoinactivated 

significantly more slowly than lab-cultured, reference strain Enterococcus faecalis 31. These 

differences may be due to phenotypic or genomic differences between strains including their 

degree of pigmentation 32,33. 

Indigenous bacteria in environmental reservoirs differ from lab-cultured bacteria in 

several ways. First, the lab-culturing procedure alters bacterial physiology by exposing 
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indigenous bacteria to nutrient-rich growth conditions. This change in physiology likely has an 

impact on measured photoinactivation rates 34, possibly by altering intracellular concentrations of 

photosensitizers 21. Second, bacteria in lab cultures are in active growth states and are therefore 

phenotypically different from bacteria in environmental waters, which are more likely to be 

expressing non-growing phenotypes due to nutrient limitations. Bacteria in non-growing states 

have been shown to be more resistant to a range of environmental stresses 35,36. Third, bacteria in 

lab cultures have likely not been previously exposed to the range of stresses present in 

environmental waters. Sublethal exposure to stresses can increase resistance to those stresses 37. 

Despite these biases that may be introduced during lab-culturing, few studies have investigated 

photoinactivation of indigenous enterococci in the laboratory without first lab-culturing isolates 

31,38–42, and in almost all cases, indigenous enterococci in those studies were sourced from a 

single wastewater or fecal source 31,38,39,42. Field studies of indigenous enterococci 

photoinactivation almost exclusively examine photoinactivation of wastewater enterococci.15,28,30 

The goal of this research is to investigate the photoinactivation kinetics of indigenous, 

uncultured enterococci from a broad range of aqueous environments including WWTPs and 

surface waters. Enterococci were concentrated from waters using filtration and centrifugation; 

they were not sub-cultured or exposed to exogenous nutrient sources, in order to maintain their 

environmental physiological profile as much as possible. We then measured enterococci 

photoinactivation in a lab-controlled system. Finally, as enterococci pigmentation has been 

previously associated with decreased photoinactivation rate constants 31,32, we measured the 

fraction of pigmented enterococci in each sample and investigated the impact of pigmentation on 

photoinactivation.
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2. Methods

2.1 Sample collection. Samples were collected from WWTP and surface waters between 

September 2017 and February 2018 (Figure 1, Table S1). All surface water samples were 

collected within one hour of sunrise. Two liter samples of primary treated effluent were collected 

at WWTPs, and 20-40 L samples were collected from surface waters. Surface waters included 

three marine beaches, three urban streams, and one wastewater-influenced pond with a large 

population of ducks, and are subsequently referred to as beach, stream, and pond samples, 

respectively. Locations were chosen based on expected high concentrations of enterococci.18,43,44 

All samples were collected in autoclaved plastic containers and placed on blue ice for transport 

to the laboratory. Upon arrival at the laboratory, approximately 500 mL of each sample was used 

to measure enterococci concentrations in the raw water using EPA Method 1600 45 and other 

physicochemical parameters (see ESI). The remaining sample volumes were then processed to 

concentrate bacteria using tangential filtration and centrifugation.

2.2 Wastewater and surface water bacteria concentration. Bacteria were concentrated from 

wastewater and surface water using a combination of filtration and centrifugation. These 

methods were chosen because they are relatively simple and do not require exposing the bacteria 

to additional nutrient sources that may change the physiological profile of bacteria in the 

samples. As the separation methods rely on size and density, solids of similar size and density 

were co-concentrated with the enterococci.

Surface water samples were first concentrated using a tangential filtration membrane system 

(OMEGA suspended screen cassette; 30 kDa pore size; Pall Corporation, Port Washington, NY) 

until approximately 5 L of retentate remained. The wastewater was not concentrated first with 
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tangential filtration due to its relatively high bacterial concentrations. Bacteria in wastewater 

samples and the surface water retentate were then concentrated using three rounds of 

centrifugation (10 minutes at 9600 x g (retaining pellet), 5 minutes at 500 x g (retaining 

supernatant), 10 minutes at 9600 x g (retaining pellet)). The final pellet was resuspended in 

phosphate buffered saline (PBS, pH 6.77; Fisher Scientific, Fair Lawn, NJ) for a final volume of 

10-30 mL for each sample. Concentrated bacteria were stored in the dark at 4 °C until 

photoinactivation experiments were performed (within 48 h of initial water sample collection) 

while we determined the enterococci concentration in the concentrate (which informed the 

volume needed to seed the experimental reactors, as described below). See ESI for further 

details.

2.3 Photoinactivation experiments. Concentrated bacteria were diluted into PBS to a final 

volume of 50 mL in three sterile 100-mL beakers wrapped in black electrical tape. The volume 

of concentrated bacteria added to the PBS varied among experiments in order to achieve initial 

enterococci concentrations in the reactors that ranged between 100 and 105 CFU/mL. Two 

beakers were designated experimental reactors (i.e. biological duplicates) and were exposed to 

full spectrum simulated sunlight in an Atlas Suntest XLS+ solar simulator (Chicago, IL) with a 

1.1 kW xenon arc lamp set to an intensity of 250 W/m2 and equipped with a glass filter to 

remove wavelengths below 290 nm (see Figure S1 for spectrum which approximates the 

spectrum of late morning sun during the summer in Palo Alto, CA, USA). The third reactor (dark 

control) was covered with foil to prevent exposure to simulated sunlight and placed next to the 

experimental reactors in the solar simulator. The solar simulator was equipped with a 

recirculating water bath to maintain reactors at 15°C. Photoinactivation experiments were run for 

40-160 minutes, depending on expected inactivation kinetics. A time course of samples was 
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taken from both experimental and control reactors for enterococci quantification following EPA 

Method 160045 (see ESI). The number of samples collected and their volumes varied between 

experiments and depended on the starting enterococci concentration; our goal was to not remove 

more than 10% of the volume of the reactors, yet still be able to measure enterococci. 3-7 

samples were taken from each experimental reactor, and 3 samples were taken from each control 

reactor. 

2.4 Enterococci pigmentation tests. The fraction of enterococci in the raw water samples that 

were pigmented was quantified using a previously described method 46, with slight variation. 

Between 1 and 3 mEI plates that were used to measure enterococci concentrations in the raw 

water (prior to concentration) were chosen for each water sample, sealed with parafilm, and 

stored at 4 °C until pigmentation analysis (within 6 months). Individual enterococci colonies 

from stored mEI agar plates were sub-cultured in tryptic soy broth (TSB; Sigma-Aldrich, St. 

Louis, MO) and then streaked onto tryptic soy agar (TSA; BD Difco, Sparks, MD). Each colony 

was identified as pigmented or nonpigmented by picking a small amount of biomass from the 

streak on a sterile cotton swab and visually examining the swab for pigmentation (see ESI). The 

total number of isolates examined for each water sample ranged from 20 to 89 (Table 1). 

2.5 Photoinactivation of lab-cultured Enterococcus faecalis. Enterococcus  faecalis (ATCC 

19433) batch cultures were grown in Brain Heart Infusion broth (Fluka Analytical, Steinheim, 

Germany) at 37 °C for ~20 hours. 1 mL of the batch culture was washed by centrifuging at 9600 

x g for 10 minutes and resuspending the pellet in 1 mL PBS. The bacteria were washed in PBS 

two more times, centrifuging for 5 minutes between each wash, and then diluted into 50 mL PBS 

for photoinactivation experiments as described above. 
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2.6 Data analysis. Upon visual examination of concentration time series (C) from the various 

experiments, we observed that some inactivation curves had an apparent shoulder while others 

did not. Therefore, data were fit using a least-squares method to log-linear (Equation 1) and 

shoulder log-linear (Equation 2) models 47:

Equation 1ln ( 𝐶
𝐶0) = ―𝑘𝐹

Equation 2ln ( 𝐶
𝐶0) = ln (𝑒 ―𝑘𝐹 𝑒𝑘𝑆

1 + (𝑒𝑘𝑆 ― 1)𝑒 ―𝑘𝐹)

where ln(C/C0) is the ln-transformed relative concentration, Co is the concentration measured at 

F = 0, k is the photoinactivation rate constant with units m2/kJUVB, F is fluence in kJUVB/m2 in the 

UVB range (280-320 nm), and S is the shoulder constant with units of kJUVB/m2 and was 

constrained to values >0 during the curve fitting. Fluence was corrected for light screening using 

the absorbance of reactor solutions in each experiment (see ESI & Figure S2). Data points from 

biological replicates were combined prior to fitting equations 1 and 2. The fit of the two model 

types, as measured by the residual standard error (RSE), was compared, and the model with the 

lowest RSE was chosen as the final model. F90% (UVB fluence required to achieve 90% 

inactivation) was calculated by solving Equation 1 or 2 for F using the fitted k and S parameters 

(if applicable) and setting (C/C0) = 0.1 using Microsoft Excel Solver. k values from either 

Equation 1 or 2  for bacteria sourced from WWTP, beach, or stream, were averaged, 

respectively, to generate kWWTP, kbeach, and kstream. Pair-wise comparisons of k averaged for each 

sample-type were performed using a z-test at a confidence level of 95% 48. Photoinactivation rate 

constants with respect to fluence in the UVA & UVB range (280-400 nm) are also provided in 

the ESI.
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The fraction of pigmented isolates was calculated as the number of pigmented isolates 

divided by the total number of isolates for each sample or source type, and the standard error was 

calculated as

 Equation 3𝑆𝐸𝑓 =
𝑓(1 ― 𝑓)

𝑛

where f is the fraction of pigmented isolates and n is the total number of isolates. Pearson 

correlations between the fraction of pigmented isolates and k or F90% were calculated. 

To compare the photoinactivation rate constants in this study to those in previous studies, 

we systematically reviewed the literature to identify studies that measured sunlight inactivation 

of enterococci, as well as studies that measured enterococci pigmentation and sunlight 

inactivation. Details of the systematic reviews are provided in the ESI. We performed unit 

conversions and accounted for light screening where necessary to conform rate constants to the 

same units used in this study. One of the identified studies also includes a model using biological 

weighting functions to predict photoinactivation rates of wastewater-sourced enterococci;24 we 

therefore also used this model to compare to the wastewater photoinactivation rate constants 

observed in this study. All details for unit conversions, light screening calculations, and applying 

the biological weighting function model are described in the ESI.

All data analyses described herein were performed in Microsoft Excel and R v3.4.0.

3. Results

At the time of sampling, water sources had diverse temperatures (range = 8.4 to 26.4 °C), 

salinities (0.1 to 32.7 ppt), dissolved oxygen concentrations (0.30 to 12.08 mg/L), and turbidities 

(1.37 to 232.5 NTU).  Enterococci concentrations in WWTP and surface water samples ranged 
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from 2 × 103 to 3 × 104 CFU/mL (WWTP) and 0.5 to 8.8 CFU/mL (surface water), respectively 

(Table S2). The fraction of pigmented enterococci isolates ranged from 0 to 42% across the 

samples (Table 1). The absorbance spectra of the environmental waters are provided in Figure 

S3.

Enterococci inactivation in the sunlit (Figure 1) reactors were modeled using log-linear or 

shoulder log-linear equations. All inactivation was modeled with respect to fluence in the UVB 

range, taking into account light attenuation due to absorbance in the water column (described 

further in the ESI). This was necessary as the absorbance of the solutions placed in the reactors 

varied among experiments (Figure S4). The method for calculating fluence requires an 

assumption that light attenuation due to absorbance is more important than that due to scattering. 

This assumption was valid for all samples except beach2. Sample beach2 likely violated this 

assumption due to the particularly low absorbance of the reactor solution for this sample (Figure 

S4). 

Decay rate constants for dark controls (kd, Figure S5) for all but one experiment were not 

statistically different from zero (p > 0.05, data not shown), suggesting that inactivation observed 

in sunlit reactors was due to sunlight exposure. Statistically significant decay occurred in the 

dark control reactor containing enterococci from a stream (stream3), but the effect size was small 

(kd ± SE = 0.04 ± 0.003 m2kJUVB
-1, p = 0.04, compared to k ± SE = 0.8 ± 0.1 m2kJUVB

-1 in sunlit 

reactor), so no correction for dark decay was made. 

Inactivation curves of uncultivated, indigenous enterococci from eleven of the thirteen 

waters were best fit using the shoulder log-linear model. The shoulder lengths (S) from these 

models ranged from 0.6 to 3.9 kJUVB/m2. The remaining two waters (beach1 and beach3) were 
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best fit using the log-linear model.  k values from the inactivation curves considering k from both 

log-linear and shoulder log linear models together, varied over an order of magnitude, from 0.3 

to 2.3 m2kJUVB
-1. 

The inactivation of a laboratory-cultured, reference strain of E. faecalis was best fit with 

a shoulder log-linear model with a k value was 3.1 m2kJUVB
-1 (SE = 0.6), significantly larger than 

the k values measured for the indigenous, uncultured bacteria (p < 0.05, Z test) except for those 

from WWTP1 (k ± SE = 2.5 ± 0.2 m2kJUVB
-1) and pond1 (k ± SE= 2.2 ± 0.7 m2kJUVB

-1). 

We tested the hypotheses that photoinactivation varied (1) among enterococci from 

diverse source types and (2) as a function of pigmentation. We excluded results from beach2 due 

to the relative importance of light scattering that yielded potentially inaccurate estimates of UVB 

fluence (see ESI). We excluded pond1 from our testing of the first hypothesis because n = 1 for 

this source type. Average kWWTP, kbeach, and kstream were statistically different from each other (Z 

test, p < 0.05, Figure 1) with kWWTP>kstream>kbeach. To test hypothesis (2), we evaluated the 

correlation between pigmentation fraction and k or F90%. There was an association between the 

fraction of pigmented enterococci in the raw water and sample type (Chi-square test, p < 0.05, 

excluding pond sample type because npond=1). Including data from pond1, we also evaluated 

correlations between pigmentation and photoinactivation. There was a significant, positive 

correlation between the fraction of pigmented enterococci in the water at the time it was 

collected and F90% for the indigenous, uncultured enterococci (Pearson correlation, R = 0.61, p < 

0.05, n=12) and a negative correlation between the fraction of pigmented enterococci and k (R = 

0.51, p < 0.1, n=12, curve fit: k = -2.5*f+1.6) (Figure 2).  Overall, 35%, 24%, and 11% of 

enterococci isolates were pigmented from beach, stream, and WWTP sources (Figure 2). 
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We performed all data analyses described above after calculating rate constants that 

accounted for light screening of both UVA and UVB wavelengths (280-400 nm; see Table S3 for 

rate constants). Inclusion of the UVA wavelengths in the light screening calculation did not 

significantly alter any of the relationships presented above. As UVB photons are the most 

energetic UV photons incident on the Earth’s surface, they are expected to exert the most 

influence on photoinactivation of bacteria when inactivation is dominated by endogenous 

processes. As such, we feel justified to choose the energy in the UVB as the basis for our rate 

constant calculations.31,42,49  Therefore, additional discussion of results will be centered on 

inactivation after adjusting for screening of UVB. 

As experiments were carried out in the laboratory by adding indigenous bacteria to buffer 

(PBS), we did not explore associations between photoinactivation rates and raw water properties 

like temperature and salinity. 

4. Discussion

4.1 Indigenous, uncultured enterococci inactivate at different rates than laboratory-

cultured E. faecalis. In our evaluation of indigenous, uncultured enterococci photoinactivation 

from thirteen different sources, indigenous uncultured enterococci from eleven of the sources 

had smaller k values than a common lab-cultured reference strain E. faecalis. Thus, caution 

should be taken in applying photoinactivation rate constants obtained for a single lab-culture 

strain to indigenous, environmental enterococci.

One procedural difference in the experiments that used indigenous, environmental 

enterococci and lab-cultured enterococci is that the indigenous uncultured enterococci were 

stored prior to commencement of the photoinactivation experiments up to 48 hours while the lab-
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cultured E. faecalis were used immediately after overnight culturing. While we did not 

specifically test the effect of storage on photoinactivation of the decay of E. faecalis; previous 

work has shown that growth rate and growth phase of E. faecalis minimally affects its 

photoinactivation kinetics under full spectrum simulated sunlight.50  

Previous studies have calculated photoinactivation rate constants of lab-cultured E. 

faecalis that range between 0.4-2.0 m2kJUVB
-1 24,31,42,51, which are smaller than the value 

presented herein (k= 3.1 m2kJUVB
-1) but are also larger than photoinactivation rate constants from 

the majority of indigenous uncultured enterococci presented herein. 

Waterborne indigenous enterococci likely represent a mixture of various Enterococcus 

species with potentially different decay characteristics. There are more than 30 species of 

Enterococcus 52. To our knowledge, the photoinactivation of each of these species has not been 

documented with the exception of lab-cultured E. casseliflavus (k = 0.2-0.6 m2kJUVB
-1) which is a 

pigmented species 31,32. The photoinactivation rate constants of the indigenous, uncultured 

enterococci photoinactivation rate constants in our study are similar to those reported previously 

for lab-cultured E. casseliflavus. This led us to suspect that pigmentation may be an important 

factor controlling photoinactivation kinetics of the un-cultured indigenous enterococci.

The analysis presented herein assumes that correcting for light screening in the UVB 

portion of the spectrum adequately controls for differences between the experimental solutions, 

so that k values can be compared among the various experiments. Figure S4 clearly shows that 

absorbance varies among the solutions, likely due to the co-concentration of colored material 

along with the indigenous bacteria. Inherent in this assumption is the exogenous indirect 

photoinactivation, or inactivation caused by reactive species generated through the interactions 

Page 14 of 33Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

of photons and colored molecules or particles in the reactors, plays an insignificant role 

compared to endogenous photoinactivation. This assumption is probably valid given that 

evidence suggests that it is unusual for exogenous indirect photoinactivation to play an important 

role in the photoinactivation of enterococci.23 However, some work using treated wastewater 

effluent as a matrix has highlighted that the exogenous, indirect mechanism of photoinactivation 

can sometimes be important for enterococci.31 Interestingly, the pond1 sample was obtained from 

a pond filled with treated wastewater, and its k value was among the highest reported even 

though the community was highly pigmented, which may suggest that exogenous indirect 

mechanisms were at work and enhancing photoinactivation during the experiments. 

4.2 The fraction of pigmented enterococci affects photoinactivation. Previous studies suggest 

enterococcal pigments can influence photoinactivation 31,32,46,53,54. We observed a positive 

association between pigmentation and the environment from which the enterococci were isolated 

(WWTP, streams and beaches). This could be due to differences in enterococci speciation or 

previous sunlight exposures between environments, as pigmentation is associated with sunlight 

exposure and certain enterococci species are more likely to exhibit pigmentation than others 32,55. 

Furthermore, we observed a negative association between pigmentation fraction and k providing 

support for a causal relationship between the two. The association suggested a linear relationship 

between k and f. 

We investigated whether the linear relationship between k and f derived through or 

laboratory studies could predict k from other studies where both k and f were measured 

concurrently. There is only one study in the literature that reports both k and f for indigenous 

enterococci at a field site  16,32. Boehm et al. determined in situ enterococcal photoinactivation at 

a beach in southern California using an mechanistic model 16 and found k = 0.8 m2kJUVB
-1 (see 
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ESI). In another study at the same location and time, Maraccini et al. 32 report that f varies as a 

function of time of day with average f =0.22. Assuming k = -2.5*f+1.6, k is predicted to be 1.1 

m2kJUVB
-1, similar to the k previously reported for this beach using in situ measurements and 

empirical modeling 16. Further work to optimize enterococci decay modeling based on easily 

measurable community characteristics, such as pigmentation, is warranted.

A few previous studies have evaluated photoinactivation of indigenous, uncultured 

enterococci from wastewater and reported k as ranging from 0.08-0.6 m2kJUVB
-1.24,31 These k 

values are  smaller than those calculated for indigenous wastewater enterococci published herein 

(1-2.5 m2kJUVB
-1). We applied a previously developed model using biological weighting 

functions to determine photoinactivation rates of wastewater-source enterococci, these models 

predict kWWTP =0.09-0.1 m2kJUVB
-1, 24 smaller than the k values we report. We hypothesize that 

differences in the fraction of pigmented enterococci in the wastewater-sourced enterococcal 

communities in our study and those published previously may explain some of the differences in 

reported and modeled decay rate constants.   

4.3 A shoulder log-linear model was needed to describe inactivation of most indigenous 

enterococci. The simplest and most common method used for modeling decay rates of pathogen 

indicators like enterococci is a log-linear model. However, studies observe deviations from log-

linear kinetics.23,26,56 The shoulder log-linear model includes a shouldering behavior that is 

attributed to some protective component in the bacteria or water matrix that must be destroyed 

before inactivation is observed.47,57 For eleven of the thirteen indigenous enterococci 

communities evaluated, a shoulder log-linear model provided the best fit for the 

photoinactivation data, suggesting that such a model may be needed for modeling enterococci 

decay in sunlit waters. Shoulder log-linear models have been used in previous work on the decay 

Page 16 of 33Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

of indicator bacteria and bacterial pathogens.21,27,58 Incorporating shoulder log-linear kinetics 

into predictive or mechanistic water quality models presents a challenge because it implies 

bacterial decay is dependent on previous exposure duration, and often this is not a reasonable 

parameter to estimate since contamination sources are usually unknown.59  However, in specific 

instances where there are known sources of pollution, using a shoulder log-linear model may be 

feasible.

4.4 Practical Implications. The use of water quality models to aid in pollution source 

identification or health risk assessment is becoming increasingly common.13,60,61 Such models 

require knowledge on bacterial inactivation and common practice is to use lab-cultured strains to 

parameterize this process. The variability of enterococci photoinactivation rates observed in this 

study and the influence of pigmentation point toward the importance of physiological 

characteristics and community heterogeneity on inactivation in environmental systems. 

Furthermore, the results call into question the appropriateness of using laboratory-cultured 

bacteria for estimating inactivation rates of indigenous, uncultured enterococci. A recent study 

on viral disinfection identified variability between environmental and laboratory strains as a key 

factor in determining a virus’s susceptibility to inactivation.62 

While homogenous laboratory cultures are ideal for improving experimental 

reproducibility and evaluating specific decay processes, we recommend that future work should 

attempt to better address the differences between bacterial communities generated in laboratory 

culture versus those occurring in environmental reservoirs. Additionally, our work demonstrates 

that easy-to-measure characteristics like pigmentation significantly influence enterococci decay 

and that a shoulder log-linear model provided the best fit in most cases. These parameters should 
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be included in future water quality modeling efforts in order to improve prediction of microbial 

pollutant decay. 

5. Conclusions

 Photoinactivation rate constants of un-cultured enterococci from wastewater and surface 

waters are different from lab-cultured E. faecalis.

 Enterococcal pigmentation is associated with decreasing photoinactivation rate constants.

 Photoinactivation of indigenous un-cultured enterococci often displays a shouldering 

behavior before decay.
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Tables

Table 1 Results of photoinactivation modeling and pigmentation tests. Values in parentheses 

represent standard error. * Note that light scattering may  influence k and S values for this result 

and was not corrected. 

Sample 
Name

k 
(m2kJUVB

-1) S (kJUVB/m2)
Total 

Isolates 
Tested

Isolates 
Pigmented

Fraction 
Pigmented

WWTP1  2.5 (0.2) 1.5 (0.1) 20 1 5.0% (4.9%)
WWTP2 1.2 (0.3) 0.8 (0.4) 27 0 0.0% (0.0%)
WWTP3 1.2 (0.2) 1.6 (0.1) 43 5 11.6% (4.9%)
WWTP4 1.2 (0.2) 1.6 (0.5) 47 6 12.8% (4.9%)
WWTP5 1.6 (0.2) 1.9 (0.3) 66 11 16.7% (4.6%)
WWTP6 1.0 (0.08) 2.0 (0.1) 28 2 7.1% (4.9%)

pond1 2.2 (0.7) 0.6 (0.3) 21 4 19.0% (8.6%)
beach1 0.3 (0.07) - 23 8 34.8% (9.9%)

beach2 * 1.7 (0.007) 3.9 (0.008) 67 21 31.3% (5.7%)
beach3 0.5 (0.07) - 37 13 35.1% (7.8%)
stream1 1.0 (0.1) 0.6 (0.3) 88 13 14.8% (3.8%)
stream2 0.7 (0.1) 1.8 (0.5) 89 37 41.6% (5.2%)
stream3 0.8 (0.1) 1.4 (0.4) 49 4 8.2% (3.9%)
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Figures

Figure 1 Photoinactivation of enterococci from WWTP (left), stream (center, including pond1 in 

gray), and beach (left) sources. Data in gray (samples beach2 and pond1) are excluded from 

averaged photoinactivation rate constants as described in main text. ln(C/C0) = natural log-

transformed relative concentration of enterococci, measured as CFU/mL on mEI agar. Fluence 

was calculated in the UVB wavelengths. Different colors correspond to photoinactivation data 

from experiments that used indigenous, uncultured bacteria from different sources. 
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Figure 2 Correlation between fraction of pigmented enterococci isolates and F90% (left) or k 

(right). Shaded region bounded by dotted lines is 95% confidence interval around a linear model 

fit. 
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Figure 3 Average photoinactivation rate constants (k) of enterococci sourced from wastewater (n 

= 6), urban streams (n = 3), and beach water (n = 2), and fraction of pigmented enterococci 

isolated from wastewater (n = 231), urban streams (n = 226), and beach water (n = 60). Error 

bars represent the 95% confidence interval.
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