
1 
 

Monitoring the post-irradiation E. coli survival patterns in 

environmental water matrices: implications in handling solar 

disinfected wastewater 

 

Stefanos Giannakis1,2,3, Ana Isabel Merino Gamo3, Efthymios Darakas1, Antoni Escalas-

Cañellas2,4, César Pulgarin3,* 

1Laboratory of Environmental Engineering and Planning, Department of Civil Engineering, Aristotle University of 

Thessaloniki, 54624 Thessaloniki, Greece 

2Laboratory of Control of Environmental Contamination, Institute of Textile Research and Industrial Cooperation of 

Terrassa (INTEXTER), Universitat Politècnica de Catalunya, Colom 15, 08222 Terrassa, Catalonia, Spain  

3Swiss Federal Institute of Technology, Lausanne, Institute of Chemical Sciences and Engineering, 1015 Lausanne, 

Switzerland 

4Department of Chemical Engineering & Terrassa School of Engineering, Universitat Politècnica de Catalunya, 

Colom 1, 08222, Terrassa, Catalonia, Spain 

*Corresponding author: César Pulgarin, Tel: +41216934720; Fax: +41216936161;  

E-mail: cesar.pulgarin@epfl.ch 

 

Abstract 

In this study, simulated solar disinfection of secondary effluent was followed by dark storage at 

different temperatures or different receiving water matrices. E. coli illumination was followed by 

3-day monitoring of the bacterial population and its adaptation in different temperature 

conditions in the dark. The subsequent survival was linked to the dose received during 

exposure to light, and results were obtained on the environmentally induced prolongation of 

survival, maintenance of population or excessive growth, at 4, 20 and 37˚C, respectively. An 

additional set of experiments at 20˚C was subjected to dilution in E. coli-free synthetic 

wastewater, water from Lake Leman, (synthetic) seawater and Mili-Q water. Post-irradiation 
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monitoring was also conducted, studying 50%, 10% and 1% dilution rates, and the results were 

attributed to the two parameters of dilution medium and dilution ratio. However, different 

responses were found based on the acquired dose during pre-treatment. This indicates the 

importance of the illumination prior to storage, and the preference of bacteria in some matrices 

over the others. Survival was linked to initial population, dose, dilution and medium; shorter 

illumination times are to be considered according to the receiving water matrix.  

 

Keywords: Solar disinfection, E. coli survival, environmental influence, regrowth, dilution, 

aqueous matrices  

  



3 
 

1. Introduction  

 

Modern wastewater treatment plants use either automated control systems [1], or specially 

trained personnel to handle the operation and management of their facilities. For this reason, 

many works have shown concern for their high operating and maintenance costs [2]. Other 

studies, to provide an effective alternative, suggest the simplicity of natural systems [3, 4]. 

These systems are simpler and cost-effective, while ensuring no compromise is made in terms 

of efficiency. As a result, a variety of solutions is offered to the developed countries. However, 

one must consider the available solutions in the cases that neither of the key factors in applying 

modernized wastewater treatment systems can be acquired. Rural or isolated communities or 

even developing countries are unable to support technologically advanced solutions. Therefore, 

research interest should be directed to more natural-based approaches, such as waste 

stabilization ponds [5, 6] or constructed wetlands [7].  

However, the presence of the developing countries around earth’s Equator, leads to the 

reception of a vast number of sunny days per year [8]. The combination of this supply with the 

un-feasibility of technologically demanding solutions, makes solar treatment systems a 

sustainable solution, which could improve the poor sanitation conditions often encountered. For 

more than 30 years [9, 10 and many more] priority has been given to water disinfection, since 

people suffered from waterborne diseases [11, 12]. These applications were focused in applying 

solar disinfection techniques for the production of safe drinking water, with remarkable results 

wherever it was applied [13, 14]. Nevertheless, it can be assumed that waterborne diseases, 

which were connected to microorganisms of gastro-intestinal track, were result of fecal pollution 

due to poor sanitation conditions. Therefore, the improvement of these conditions will improve 

the quality of water supplies. Literature suggests the recommended features that the candidate 

water must fulfill [15], the required dose for a variety of microorganisms [16] and studies about 

the evolution of water disinfection experiments after the end of treatment [17]. 
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The application of solar treatment systems requires two main axis of caution: disinfection and 

post-irradiation events. Over the years, solid knowledge concerning the exploitation of solar 

power to reduce microorganisms in water has been accumulated, which we could extrapolate to 

wastewater [13, 18, and 19]. These results include works water disinfection in various treatment 

methods and media, such as PET bottles [20], or CPC reactors [21]. For wastewater, the most 

feasible processes in the context of developing countries could be superficial flow constructed 

wetlands [22] or waste stabilization ponds [23].  

The second axis deals with the fate of microorganisms, once disinfection is over. There are a 

number of works concerning the occurrence of microorganisms in natural waters, such as rivers 

[24], lakes [25], estuarine [26, 27] or brackish water [28] and seawater [29, 30]. However, only 

few studies deal with the microbial post-irradiation fate of microorganisms when treated 

wastewaters are discharged in these water matrices (for instance [31, 32]). What is mostly 

discussed is the fate of microorganisms occurring in different water types, while others include 

the simultaneous application of solar irradiation; Yukselen et al [33] have studied the 

inactivation of bacteria in seawater, Jenkins et al [34] the die-off in pond waters etc., thus 

providing information on the concurrent action of adaptation and illumination. 

Considering the parameters that affect microorganism survival and regrowth in natural context, 

reactivation of bacteria is possible when the treated effluent is released in natural water bodies, 

although it depends on many factors. Chan and Killick [31] performed a series of experiments 

that proved the correlation between temperature and regrowth potential. These findings were 

verified and extended by Shang et al [35], who stated the elasticity of the regrowth dynamics 

response between 10 and 35°C, observing the minimization of the potential under 10°C. The 

experiments of Munshi et al [36] proved that bacteria recover within 24h when the proper 

conditions are given. Within the same framework, it was shown [35] that the supply of nutrients 

in the matrix demonstrated higher final numbers. Rincon and Pulgarin [17] observed that after 

solar illumination and reproduction of the same experiments in the laboratory, almost all 

samples that were conducted with natural water, which contained even lower concentrations of 
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dissolved organic carbon, presented regrowth in dark conditions. This was unexpected, since 

low organic matter concentration should have limited the regrowth, as Tassoula [37] showed, 

because low COD values lower survival dynamics. Finally, natural water bodies as a receiving 

medium are interesting, because it is believed that enteric bacteria may survive in natural 

waters but are not able to multiply themselves [38]. In natural aquatic environments carbon 

availability and temperature are much lower and, therefore, the expected specific growth rates 

of enteric bacteria are lower [39]. 

In this study, we investigate the bacterial pathway from the moment they are introduced into the 

disinfection system, the effect of solar dose and the introduction into several water matrices. 

While keeping the solar dose at same levels, treated secondary effluent is first kept in a range 

of temperature (4, 20 and 37°C), so as to test regrowth dynamics as a function of temperature. 

In another context, previously illuminated samples are lead into i) untreated wastewater (E. coli-

free synthetic secondary effluent), ii) lake water, iii) sea water and iv) distilled water, in order to 

assess the effect of the receiving water body on the regrowth potential, the survival and the 

mortality rate. The same assessment was carried out in a series of dilutions (50%, 10% and 

1%), with the aim to systematically investigate the effects of different osmotic conditions and 

nutrient content. We aim to locate the ability of bacteria to adapt in the environment while being 

pre-stressed by solar light and the variation of the environmental conditions on the required 

dose for safe handling of the treated samples. The examination of their post-irradiation period 

will provide information on the constraints that limit discharge to the natural environment and 

consequently, on the risk of downstream contamination in a similar application.  

 

2. Materials and Methods 

 

2.1. Water matrices 
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2.1.1. Synthetic wastewater preparation 

Analytical preparation of the synthetic secondary effluent and the specifications concerning the 

microorganism strain used in this research, are described in detail elsewhere [40]. In summary, 

the synthetic wastewater composition was 160 mg/L peptone, 110 mg/L meat extract, 30 mg/L 

urea, 28 mg/L K2HPO4, 7 mg/L NaCl, 4 mg/L CaCl22H2O and 2 mg/L Mg2SO47H2O, with 250 

mg/L COD. The chemicals were used as received. A 10% dilution of the said wastewater was 

inoculated with E. coli, to form a suspension containing 106 CFU/mL and bear organic carbon 

values closer to the desired ones [61].  

 

2.1.2. Lake Leman water, synthetic seawater and wastewater, and Mili-Q water 

specifications 

The physicochemical characteristics of Lake Leman water and the composition of synthetic 

seawater are presented in Table 1 [41]. Mili-Q water is characterized by 18.2 MΩ·cm resistivity 

at 25 °C. Lake water was heat-sterilized to avoid the effects of indigenous microorganisms and 

focus only on the physicochemical characteristics of the employed water matrices, while artificial 

seawater and Mili-Q water were also heat-sterilized prior to use, to avoid contamination.  

 

2.2. Simulated solar treatment batch tests 

 

Bacterial inactivation took place in 50 mL batch tests, in glass reactors of 65 mL total capacity 

that allow UVB transmission, while being mildly stirred with a magnetic stirrer (approx. 150 

rotations per minute). Irradiation was simulated and provided by a CPS Suntest apparatus, 

bearing a 150W, air-cooled xenon lamp. This lamp emits ~0.5% of the total photons in the UVB 

area, ~7% in the UVA and the rest, above 400 nm follow the solar spectrum. Also, a cut-off filter 

set at 290 nm ensured no UVC is received and a glass filter blocks IR transmission to the 
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sample. The global and UV intensities were measured by a Kipp & Zonen CM3 and CUV3 

radiometer. 

 

2.3. Sampling, bacterial enumeration and post-irradiation monitoring 

 

Sampling was done from the body of the sample under stirring, by sterile syringes. Aliquots 

were made when needed, so as to achieve bacterial counts around 15-150 CFU/mL. 

Enumeration took place in non-selective medium (PCA) by the pour-plating method, at least in 

duplicates and from two consecutive aliquots. The detection limit was reported as 10 CFU/mL 

for diluted and 1 CFU/mL for undiluted samples, respectively [62]. Incubation for 24 h at 37˚C 

provided the bacterial population. 

Every 30 min, a sample was taken and was kept in the dark for the total duration of the 

monitoring period. Temperature control experiments were stored for 72 h (3 days), while dilution 

experiments were kept for 120 h (5 days) at room temperature (20˚C). Daily monitoring of the 

bacterial population was made by sampling from the stored samples exactly 24 h after the initial 

acquisition time of each sample. Samples were kept in sterile plastic vials in the dark during the 

monitoring period. A graphical representation is given in Figure 1.  

Temperature dependence experiments were done at 4, 20 and 37˚C (refrigeration, ambient 

temperature and incubator temperatures). Dilutions (50%, 10% and 1%) were made in sterile 

synthetic wastewater, Lake Leman water, synthetic seawater and Mili-Q water. The last groups 

of tests in Mili-Q water represent a control experiment, rather unlikely to achieve in real 

environmental context, but will offer great insight on the way osmotic pressure and 

presence/absence of food acts on pre-stressed bacteria. 
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3. Experimental results 

 

3.1. Temperature experiments: post-irradiation modification of storage 

temperature and its effects on bacterial repair 

 

The first set of experiments studies the modification of storage temperature conditions for the 

solar-treated samples. The samples were exposed in simulated solar light, with the intensity set 

at 1000 W/m2, an achievable solar intensity in real context. In Figure 2 it is observed that the 

disinfection kinetics reveal a shoulder-lag phase, followed by log-linear decay until the end of a 

4-hour period that was required to fully inactivate microorganisms. In reality, almost 90% of 

bacteria were inactivated in 3 h and the excess 1-h dose ensured zero counts at the end of the 

experiment. Post-treatment storage of the samples drawn every 30 min took place in three 

different conditions, 4, 20 and 37˚C, in order to recreate the conditions usually encountered by 

microorganisms.  

In this approach, there are some constraints to be considered, such as the nature of the target 

microorganism: Escherichia coli is a typical mesophilic microorganism, that usually thrives 

around 35-39˚C, presenting a maximum growth rate around these temperatures. Lowering 

temperature will result in deceleration of their metabolic rhythm [42], while the expected 

behavior at 4˚C would be a stabilization in the minimum metabolic activity required to sustain 

life. Also, the chemical composition of the matrix is of high importance, considering the 

abundance of nutrients and salts present within it. Marugan et al [43] have underlined the 

importance on Mg and K salts for the maintenance of bacterial life and Caballero et al [44] 

highlighted the aid nutrients provide in the growth of bacteria in water matrices. Therefore, 

optimal support conditions for bacterial development is expected, as seen in previous works 

with the same wastewater matrix [40, 61]. 
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Figure 2 presents the monitoring of the bacterial population for three days after the sampling 

time. First of all, the effects the exposure (UV dose) has on bacterial survival are demonstrated. 

Generally, increasing the dose decreases bacterial survival. It can be also seen that until the 

corresponding dose of 90-min exposure to sunlight, bacteria still maintain their ability to recover 

their damage and, after a lag phase, once again increase their population. Conversely, from 120 

min of treatment and more, damage is permanent; bacterial population is lowering, as days 

pass, indicating cells that are unable to recover their damage and probably, cellular senescence 

is taking place [45]. It is known that the accumulation of photo-products inside the cell [46], 

makes bacteria unable to sustain normal life functions, through the damages in the respiratory 

chain [47], in DNA [46] etc.  

Considering the above, it is interesting to observe the differences low (unfavorable) and high 

(favorable) temperatures inflict on bacterial survival. In Figure 2a, the deceleration of bacterial 

metabolism is visible. Since the samples have been subjected to the same irradiation energy, 

under the same experimental conditions, it is normally expected to have the same evolution, 

when it comes to their survival. However, i) suspended growth rates in lightly or non-irradiated 

samples and ii) prolongation of the bacterial survival is observed, compared to the situation at 

20˚C. For instance, the kinetic curves that correspond to 150, 180 and 210 min of pre-treatment, 

reveal a significant delay towards their respective 20˚C ones. This is attributed to the formation 

of more resistant forms of cell structure as a defense against low temperature, which includes 

low metabolism rates and nutrient uptake. As it seems, either reparation of photo-induced 

damage or, along with delayed metabolic action, a delayed programmed cell death [48] 

triggered by light exposure is observed.   

In contrast, cells that remained at 37˚C, present altered kinetic curves compared to their 

respective ones in lower temperatures. Firstly, in Figure 2c, significant changes are visible in 

low-dose treatment times, where growth is orders of magnitude higher than the respective one 

at 4˚C. But even in high irradiation doses, samples that were treated for 180 min presented 

different behavior: at 4˚C slightly decreased their numbers, decayed shortly after treatment 
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stopped when metabolism was increased (20˚C), even present a mild growth at 37˚C. At this 

temperature, the conditions for growth are favorable, and bacterial survival is promoted. Another 

possibility, since no total disinfection was achieved, the alive fraction of bacteria compensated 

for the fatally injured ones, in terms of numbers. In the existence of a declining number due to 

damage and a growing one, due to comfortable conditions, the numerical balance is in favor of 

growth. Finally, in all experiments, whenever total inactivation was reached during the 

illumination period, no regrowth was observed in any samples, thus indicating the permanent 

nature of the inactivation due to light exposure. 

 

3.2. Dilution experiments: post-irradiation modification of the receiving aqueous 

matrix and long-term monitoring of bacterial survival 

 

The following experiments study the introduction of variously pre-irradiated wastewater in 

different water matrices, potential environmental receiving media of photo-treated wastewater. 

While keeping temperature constant at 20˚C, wastewater is diluted in three rates (50%, 10% 

and 1%) in four matrices: (E.coli-free synthetic) wastewater, lake water, (simulated) sea water 

and Mili-Q water (as a reference). The matrices represent some conditions found in real 

context, and the bacterial response was monitored for 5 days in each case. 

 

3.2.1. Dilution in fresh (synthetic) wastewater 

Figure 3 (a-c) present in a summarized way the results of bacterial monitoring for a period of 

five days after the irradiation. The inset presents the disinfection experiment from which sample 

is taken every 30 min, followed by the dark storage. Figures 3a to 3c represent a dilution of the 

original disinfected sample of 50, 10 and 1% respectively, over the untreated effluent. This 

dilution in wastewater serves a double purpose: first of all, after the treatment there is a 

remaining bacterial population, which is then submitted to halving, 10-fold and 100-fold 
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reduction. In this manner, three different cases of initial population can be assessed and the 

kinetics response in this case. Since the medium remains the same, normally growth pattern is 

expected to remain similar. Also, the second aspect of the dilution concerns the replenishment 

of organic substances which are subject to degradation due to solar treatment of the sample, 

according to Dahlen et al [49].  

Therefore, in Figures 3a to 3c the kinetic curves of bacteria in five consecutive days, after their 

exposure to sunlight, are presented. Their kinetics are generally described as growth, which is 

then subjected to certain variations. In Figure 3a the exponential growth of almost all samples is 

visible, with the exception of the 180-min treated sample; after 3 hours of irradiation it is 

impossible for bacteria to heal the injuries caused by exposure to simulated sunlight and they 

rather survive until their complete decay after four days. All samples (except for the untreated) 

seem to grow their numbers, but after an initial delay of 24 h. This observation is clear in 

samples treated for a significant portion of time (60-150 min).  

The effect of dilution is visible, passing from 50% to 1% figures, mainly in the lag and decay 

phases. We stated that the initial sample is diluted in 3 different proportions, thus resulting in 

three different initial numbers of active bacteria. This difference is visible in time 0, and as it 

seems it affects the growth curves, presenting longer lag phases, when growth is observed, or 

faster decay in the case of 180-min pre-treatment. This is explained by the statistical probability 

to acquire less active or heavier injured cells from the initial sample. As light is inflicted on the 

sample, some bacteria are able to escape irradiation through shielding or scattering [50] and 

therefore, when the amount of the original sampled proportion is increased, the possibility of 

acquiring healthier cells is also rising. This probably explains the different behavior of the 150-

min treated sample, which switched from growth to decay.  

Finally, when the dilution rate is high (1%), the availability of nutrients per cell is higher than the 

other two cases. Knowing that degradation of organics affects the availability of nutrients for 

bacteria, a dilution in fresh wastewater will be beneficial for their survival. Therefore, in this 

case, there is less competition among the cells, resulting to excessive growth and their 
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population reaches the same plateau (peak) as the previous cases with higher initial population, 

in the same time period (2-3 days), plus the stabilization towards the end of monitoring period 

versus the slight decreases observed in lower dilution rates.  

 

3.2.2. Dilution in Lake Leman water 

The second tested matrix was water acquired from Lake Leman. The water was unfiltered, to 

permit the occurrence of natural suspended solids, but heat-sterilized prior to experiments to 

avoid the effects of competition between seeded E. coli and indigenous microorganisms or 

predators [51]. Figures 4a to 4c demonstrate the results of a 5-day long monitoring of bacterial 

survival. In this matrix, survival of unharmed bacteria is expected for a relatively long time; there 

are reports for the occurrence of bacteria in water for weeks [52], even months in lake 

sediments [25]. However, there are no records on the responses of previously photo-treated 

bacteria.  

In Figure 4a, the impact that solar dose has on bacterial survival, after 50% dilution, is 

demonstrated. It can be seen that bacteria can retain their cultivability for doses less than 120-

min exposure to sunlight, while longer exposure causes decay, faster with increasing doses. 

There is a lag phase visible in mid-ranged doses (60-120 min of pre-treatment); however, after 

4 days all doses from 0 to 120 min result in almost similar concentrations, indicating a growth 

“ceiling” for these conditions. 

Applying 10% dilution modifies the bacterial survival, as it can be seen in Figure 4b. As far as 

the matrix conditions are concerned, there has been a change in the availability of nutrients and 

baro-protective salts. This change is reflected to the kinetic curves especially of 90 and 120 min 

solar treatment, which change from growth to decay form. Also, 150 and 180-min curves reach 

a minimum 48 h earlier than 50% dilution, while 0 to 60-min treatment curves present no 

significant alteration. This can be explained by the injury state of the cells from each dose 

group: it seems that cells which suffered the same amount of damage, in the higher presence of 

nutrients respond better and present growth instead of decay. 
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Finally, Figure 4c presents the survival curves for 1% dilution of the original sample, clearly 

representing the effect of initial population decrease, as well as the shortage in nutrients. First of 

all, the curves are significantly lower, and growth is limited at the end of the monitoring period in 

lower numbers than the respective ones of 50% and 10%. Both untreated and relatively mildly 

treated samples initiate in lower numbers and result in lower or even null counts. For instance, 

the 60-min curve is now decaying more rapidly, and the 90-min one is reaching total 

inactivation. After all, apart from the nutrient source, we suspect that mild osmotic forces that 

are also accelerating bacterial death due to pressure differences inside and outside the cell. 

This stress adds up to the already solar-damaged cells to result in faster decay rates.  

 

3.2.3. Dilution in (synthetic) seawater  

Seawater, as a receiving medium for wastewater, has been a subject of interest for a very long 

time and some practices have tried to model the survival [51] and growth [37] of 

microorganisms within it. There have been significant findings, and bacterial decay has been 

attributed to solar light, the co-existence with predators and the osmotic difference between the 

cell contents and the seawater [53, 54]. Bacteria are being lysed usually after they release their 

intracellular fluids. Also, there have been many works studying the most common phenomenon 

of solar disinfection in estuarine or sea water [33], taking account the action of the sun. It has 

been stated that bacteria have even developed anti-irradiation mechanisms in order to maintain 

their integrity and continue replication. This bacterial response is a result of bacterial gene 

evolution, to protect themselves from the solar ultraviolet rays [55]. Keeping all the above into 

consideration, the ability of bacteria to survive after they have been exposed to sun, and 

therefore, sterile synthetic seawater has been used is studied, in order to exclusively quantify 

the amount of physicochemical stress applied on the cells. 

Figure 5a demonstrates the survival kinetics for five days in 50% diluted wastewater. Although it 

is known from literature that the change in osmotic pressure is a fatal stress, decay is observed 

only in cells previously irradiated for 150 min and above. All other samples present a lag and 
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then a growth phase, which is proportional to the dose received. There is a certain extent of 

osmotic difference to be achieved, in order to visualize its detrimental effects. This dilution is not 

very hostile, since only weak cells are subject to decay. The adaptation phase is finished in 

three days and then a mild growth phase initiates until the end of the study period.  

After 10% dilution of the samples, (Figure 5b) almost all treated samples present decay. It is 

clear that even non-lethal irradiation doses are able to lead to bacterial decay within the studied 

time. Once again, E. coli succumb to their solar-inflicted wounds once the environment is 

relatively hostile. Bacteria that managed to retain their cultivability are now subject to greater 

stress and are lead to decay (60-120 min). The untreated, healthy cells continue to multiply and 

grow, as well as the 30-min treated ones; after a 3 day survival phase, they retain their ability to 

grow once more, since there is 10% of the original, nutrient-rich medium. 

Finally, Figure 5c demonstrates the fatal effect unfavorable osmolarity has on the bacterial cells. 

Contrary to every other case, all bacterial samples present decaying kinetic curves, even the 

healthy ones. The curves that presented decay in the previous (10%) case, are declining even 

faster, revealing the deleterious effect of high salinity. Nutrient sources are also scarce and the 

first totally negative survival conditions are presented in this dilution rate.  

 

3.2.4. Dilution in Mili-Q water 

Figure 6a represents a 50% dilution in Mili-Q water and the subsequent survival in a 5-day 

monitoring period. The results here represent a relatively steady survival state; the same curves 

that decayed right away (150 and 180 min) in the previous water matrices, also do so in this 

case. Conversely, all others present a survival over the five days, with untreated and 30-min 

treated samples passing directly to a growth phase, and the curves from 60-120 min present an 

increasing lag over the accumulated dose, and then a growth phase.  

Further dilution of the treated samples reveals steady survival kinetics for 0, 30 and 60-min 

treatment, and decay for all other curves. In Figure 6b, initial population is decreased 5-fold and 
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alongside, nutrients are becoming scarce. The kinetics have definitely been modified, and the 

loss of the osmotic balance is affecting all survival curves. The response is similar to the other 

water matrices, when bacteria were subjected to combined stress by environmental change and 

injury due to sunlight.  

Even more, in Figure 6c another 10-fold decrease in wastewater content is inflicted. The most 

optimistic estimation is a prolonged decay phase; no growth is observed in any sample. Also, 

the increase of stress conditions has shortened the survival times significantly. A decrease of 24 

h has been observed in all cases, while the untreated, 30-min and 60-min treated samples 

seem to be adapting better in this environment than the heavily injured cells.   

 

4. Discussion 

 

4.1. Bacterial response to environmental changes 

 

In a system designed to disinfect effluent by solar light, according to the availability of sunlight 

and the climatic constraints, the temperatures that can be approached, do not normally exceed 

40˚C in tropical regions [56] and normally, 4˚C as representative in near-freezing values. Having 

analyzed the temperature influence as an environmental factor, the prolongation of bacterial 

survival due to reduced metabolic activities is noticed, and therefore, longer lifespan. Moreover, 

the risks of overgrown bacterial numbers due to optimal growth conditions are visible. Also, 

having stressed the bacteria in different light doses prior to the exposure in a variety of 

temperatures, one can estimate the essential exposure times to achieve a state of permanent 

bacterial damage, instead of the classic approach of total disinfection times. It appears that 

taking into consideration the dose along with temperature could lead to more accurate design 

estimations of the minimum treatment conditions. In that sense, apart from the studies on 
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retention time for disinfection, studies on the temperature variations must be conducted in order 

to avoid miscalculation of the final bacterial numbers.  

An interesting result of this research, considers the various stresses applied to the bacteria in 

“chronological” order. There have been reports of altered bacterial responses in various 

stresses, such as Mezrioui et al [28], which observed different survival modes when bacteria left 

stabilization ponds. High survival activity in ponds was followed by low resistance in brackish 

water and vice versa. In the majority of the experiments and almost in all dilution rates, the 

samples that were treated for 30 min result in the highest bacterial numbers in long term, even 

higher than the untreated samples. This phenomenon is attributed in two different factors. First 

of all, an explanation has been given by Rincon and Pulgarin [16], who attributed such effects to 

photo-activated bacteria. Also, it is given to understand that bacteria which have the initial 

illumination period, are more resistant to the other stresses that follow irradiation, namely 

dilution and starvation. Troussellier et al [57] have explained this paradoxical phenomenon with 

the action mode of the RpoS gene (RNA polymerase, sigma S), which is responsible for 

activating several anti-stress responses, such as osmo-protection, even if stresses are a result 

of different causes. The authors highlight that initially pre-stressed bacteria are more likely to 

survive potential following stresses. This behavior could influence the design of solar treatment 

systems, so as bacteria receive only the necessary dose (as defined in the previous paragraph) 

before they are introduced in the receiving water bodies.  

Considering the applied dose, Table 2 summarizes its effects on bacterial survival as a function 

of the dilution rate and receiving medium. In the rows, the kinetic curves that reflect a recovery 

in the cultivability of bacteria are shown, in relation with dilution per medium. Literature suggests 

that the lack of nutrients inflicts the smallest vital changes, in short term. However, when 

microorganisms have to cope with a combined stress of food source deprivation and, for 

instance, hyperosmotic adaptation, cells’ energy capacities are depleted and membrane 

transport is limited [57]. The experimental findings are in accordance with the literature, 



17 
 

supported by the data in Table 2. It is also true that sunlight leads to restriction of cell division 

due to a loss of cultivability, so the initially inflicted stress leaves bacteria unable to repopulate.  

Nevertheless, the loss of the ability to be cultivated, even in non-selective media, is a 

questionable method to judge whether cell division can take place [57], knowing that cultivability 

can be lost first by other alterations in cell physiology [58, 59]. It is deducted from these 

experiments that samples with theoretically active and cultivable bacteria find it difficult to 

survive in hostile environments, such as high dilution in lake or seawater. It is concluded that 

cells do not lose their cultivability before 150 min of exposure in this intensity, being the highest 

value demonstrating repopulation of the sample. Adaptation is impossible and the energy 

reserves are devoted to cell integrity maintenance, as stated by Troussellier et al [57].  

In accordance to temperature alterations, profound differences are also visible, but due to other 

causes. For instance, at low temperatures, only the untreated bacteria are able to increase in 

numbers, at 20˚C the ones that received treatment from 0-90 min and in the most favorable 

temperature, 0 to 180-min treated samples present growth. It has been reviewed lately, that 

temperature influences bacterial survival [42]. The findings in the same matrix, by the same pre-

treatment method and with bacteria bearing equal light-mediated injuries, support the 

temperature preference of bacteria. In addition, they reveal the positive effects that favorable 

conditions have on bacterial self-reparation capacities; when bacteria are in osmotic friendly 

environment, temperature can dominate survival kinetics, causing regrowth instead of plain 

survival and adaptation to the new conditions.  

Certain behavioral patterns were correlated here, as a function of the osmotic difference and the 

availability of nutrients in the matrix. The order of increasing hostility against bacteria reflected 

in survival times, is as follows: sea water<Mili-Q water<lake water<wastewater.  Wastewater 

and its dilutions, demonstrate growth in all cases, while the negative osmotic influence of lake 

water induces prolonged survival, and less growth than wastewater. Sea water, especially in 

high dilution rates, is an unfriendly matrix and presents a deterministic decay regardless the 

pre-induced damage. The stressed microorganisms have to deal with acclimatization (initial 
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shock) issues, which were visible in the kinetic curves and the initial stress. This shock can 

modify the adaptation capacities. Findings like these, have influenced propositions of 

introducing wastewater in deep outfalls into the sea with little treatment [60]. Finally, lake water 

and Mili-Q water as receiving media demonstrated mitigated hostile effects, when they received 

wastewater diluted in high rates, compared to seawater. This behavior could influence outfall 

designs especially in lake shores, and stricter pre-treatment rules should be applied in these 

cases. It is known that bacteria enter aquatic systems in dormant states [38] and are lead to 

non-cultivable phases. The results are in agreement with literature. However, we have shown 

that cultivability is not exclusively a function of dose, neither of dilution nor the medium alone. 

Temperature has also significant influence, because metabolic dormancy [24] can easily be 

disrupted and result to bacterial repopulation and prolonged survival in such waters [25]. 

 

5. Conclusions 

 

Modification of the post-treatment conditions was experimentally examined within two groups, 

temperature and dilution rate in different mediums. When storage temperature was modified, 

different responses were observed by the pre-treated bacterial samples. Keeping samples in 

temperatures as low as 4˚C inhibited growth, but prolonged bacterial survival. This prolongation 

was slightly correlated with the dose received during simulated solar treatment. Increasing 

temperature to 20˚C permitted growth in untreated and lightly treated samples, i.e. 30-90 min of 

solar illumination, and accelerated decay in the rest of the samples. Further increase of 

temperature lead to excess growth for all samples except for the heavily damaged 210 and 240 

min treated ones; the observed growth was attributed to the temperature effects, which are 

combined with the presence of nutrients, to offer bacteria optimal growth conditions.  

Dilution in different matrices induced various responses according to the osmotic conditions 

present at the sample. When the pre-illuminated samples were further diluted in wastewater, a 
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subsequent growth was observed after an initial lag phase. The delay was a function of the 

dose during solar pre-treatment. The exact opposite findings of this nutrient-rich medium were 

found when treated water was introduced in Mili-Q water. Inducing osmotic pressure combined 

with starvation due to the lack of food source lead to deterministic decay of the samples. Lake 

water, although osmotically negative, prolonged survivals due to the existence of baro-

protective salts. Finally, seawater demonstrated the most hostile behavior against bacteria, 

which were unable to cope with the difference in pressure while injured. The survival times were 

the lowest among the four matrices. Regardless the matrix, a pattern was observed, where 

bacteria that were treated for short time presented high resistance, when were diluted in 

unfriendly matrices and high growth rates, when growth was permitted.  

The rate of employed dilution investigated various conditions, such as low dilution (50%) up to 

high rates (1%). Every matrix caused different bacterial response while being diluted. 

Wastewater dilutions accepted positively the dilution in fresh medium, providing higher 

proportions of food per cell; thus more comfortable conditions were obtained and in long term 

lead to the same bacterial numbers, regardless the dilution rate. Dilution in Lake Leman water, 

in low rates, provided good survival conditions, but as dilution was increased, survival was 

linked to the negative effect of food deprivation and the injuries from solar treatment. Although 

seawater is considered as a difficult environment for bacterial survival, in low dilution rates 

survival was prolonged, after a lag phase growth was initiated. When dilution was increased, 

decay was initiated for almost all samples (except 0-30 min of treatment). In 1% dilution the 

osmotically-induced decay prevailed, resulting in decay curves for all samples. Control 

experiments in Mili-Q water verified the correlation between survival and osmotic stress, since 

high dilution rate accelerated bacterial decay, while low rates permitted growth after an initial 

shock/adaptation phase.  

The observations in synthetic and real matrices at laboratory level, can enable better design of 

solar treatment systems, since some insight has been given on the bacterial survival in a 

controlled environment. This work presents some aspects of the complex addressed problem, 
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as an exploration of the boundary conditions. For instance, the sequential shift between light 

and dark environment can inflict further bacterial inactivation in the recipients, during solar 

exposure, or their regrowth during the night. There are other crucial matters affecting the 

survival that need to be taken into account, such as predation by natural indigenous 

microorganisms or the diversity of light supply during temporal weather changes; these factors 

were not a subject at this work, but are currently underway in our laboratory. However, the 

simulated conditions provide a good approximation, with respect to the real application. 

Nevertheless, the philosophy behind the design of solar treatment methods can be implemented 

with such results that indicate possibilities for reduced retention times, one of the most decisive 

factors in these systems. Fecal contamination can be reduced and aid in more efficient 

downstream handling of effluents. In that way, strategies more suitable in the local context can 

be encouraged, such as safe discharge, controlled irrigation and use of reclaimed water. 
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List of Tables 

Table 1: Physicochemical characteristics of Lake Leman water (yearly average), synthetic wastewater 

and  sea water 

composition 

 

Parameter Unit Average Parameter Unit Average 
Turbidity NTU 0.64 Nitrates mg/L 2.1 

Temperature ⁰C 6.3 Fluorides mg/L 0 

pH  7.94 Nitrites mg/L 0.005 

Conductivity μS/cm 274 Ammonium mg/L 0.033 
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Acid Consumption mmol/L 1.87 Aluminum mg/L 0.021 

Hydrogen 
Carbonates 

mg/L 110.9 Total Iron mg/L 0.018 

Hardness ⁰f 9.3 Total 
Manganese 

mg/L 0.001 

Total Hardness ⁰f 13.7 Phosphor direct mg p/L 0.018 

Active CO2 mg/L 0.4 Silica mg/L 0.8 

Saturation Index  -0.06 Cuprum μg/L 1.3 

Dissolved Oxygen mg/L 9.5 Zinc μg/L 3.9 

% saturation % 83.4 Cadmium μg/L 0 

Oxidization KMnO4 mg/L 2.5 Lead μg/L 0.2 

Absorbance 254nm /m 1.557 Chromium μg/L 0.8 

Total Organic 
Carbon 

mg C/L 0.72 Cobalt μg/L 0 

Calcium mg/L 44.8 Nickel μg/L 0.4 

Magnesium mg/L 5.9 CHCl3 μg/L 0 

Sodium mg/L 6.7 CHCl2Br μg/L 0 

Potassium mg/L 1.6 CHClBr2 μg/L 0 

Chlorides mg/L 9.4 CHBr3 μg/L 0 

Sulfates mg/L 48.8 Trihalomethanes μg/L 0 

Wastewater 
Composition 

(Giannakis 
et al., 
2013) 

 Seawater 
Composition 

(Jonkers 
et al., 
2013) 

 

Peptone 160 mg/L  NaCl 27.35 g/L  

Meat Extract  110 mg/L  KCl 0.8 g/L  

Urea 30 mg/L  CaCl22H2O 1.5 g/L  

K2HPO4 28 mg/L  MgSO47H2O 6.9 g/L  

NaCl 7 mg/L  MgCl26H2O 5.1 g/L  

CaCl22H2O 4 mg/L  Salinity 3.5 %  

MgSO47H2O 2 mg/L     
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Table 2: Summary of kinetic curves presenting post‐irradiation growth 

 

 

  50%  10%  1% 

Wastewater  0‐150 min  0‐150 min  0‐120 min 
Lake Water  0‐120 min  0‐90 min  0‐30 min 
Seawater   0‐120 min  0‐30 min  ‐ 
Mili‐Q Water  0‐120 min  0‐60 min  ‐ 
  4˚C  20˚C  37˚C 
Undiluted Wastewater  0 min  0‐90 min  0‐180 min 
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List of Figures 

 

Figure 1: Schematic representation of the experimental strategies. An irradiated batch was split to three 

samples for temperature control, and another batch was divided into the four matrices and the 

subsequent dilutions. 
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Figure 2: Post-irradiation monitoring at different temperature levels. Samples were kept for three days at: 

(a) 4˚C. (b) 20˚C. (c) 37˚C. 

 



33 
 

 

Figure 3: Overview of the 5-day monitoring period of the irradiated sample diluted in wastewater. (a) 50% 

dilution. (b) 10% dilution. (c) 1% dilution. 
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Figure 4: Overview of the 5-day monitoring period of the irradiated sample diluted in Lake Leman water. 

(a) 50% dilution. (b) 10% dilution. (c) 1% dilution. 
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Figure 5: Overview of the 5-day monitoring period of the irradiated sample diluted in synthetic seawater. 

(a) 50% dilution. (b) 10% dilution. (c) 1% dilution. 
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Figure 6: Overview of the 5-day monitoring period of the irradiated sample diluted in Mili-Q water. (a) 50% 

dilution. (b) 10% dilution. (c) 1% dilution. 

 


