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ABSTRACT 

Exploration of Low-Cost, Natural Biocidal Strategies to Inactivate New Delhi Metallo 

beta-lactamase (NDM)-Positive Escherichia coli PI-7, an Emerging Wastewater-

Contaminant 

Nada Aljassim 

 

Conventional wastewater treatment plants are able to reduce contaminant loads within 

regulations but do not take into account emerging contaminants. Antibiotic resistance 

genes and antibiotic resistant bacteria have been shown to survive wastewater treatment 

and remain detectable in effluents. The safety of treated wastewaters is crucial, otherwise 

unregulated and unmitigated emerging contaminants pose risks to public health and 

impede wastewater reuse. 

 

This dissertation aimed to further understanding of emerging microbial threats, and tested 

two natural and low-cost tools for their mitigation: sunlight, and bacteriophages. A 

wastewater bacterial isolate, named E. coli PI-7, which is highly antibiotic resistant, 

carries the novel antibiotic resistance gene New Delhi metallo-beta-lactamase NDM-1 

gene, and displays pathogenic traits, was chosen to model responses to the treatments. 

 

Results found that solar irradiation was able to achieve a 5-log reduction in E. coli PI-7 

numbers within 12 hours of exposure. However, the results also emphasized the risks 

from emerging microbial contaminants since E. coli PI-7, when compared with a non-

pathogenic strain E. coli DSM1103 that has less antibiotic resistance, showed longer 
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survival under solar irradiation. In certain instances, E. coli PI-7 persisted for over 6 

hours before starting to inactivate, exhibited complex stress resistance gene responses, 

and activated many of its concerning pathogenicity and antibiotic resistance traits. 

 

However, upon solar irradiation, gene expression results obtained from both E. coli 

strains also showed increased susceptibility to bacteriophages. Hence, bacteriophages 

were coupled with solar irradiation as an additional mitigation strategy. Results using the 

coupled treatment found reduced cell-wall and extracellular matrix production in E. coli 

PI-7. DNA repair and other cellular defense functions like oxidative stress responses 

were also impeded, rendering E. coli PI-7 more susceptible to both stressors and 

successfully hastening the onset of its inactivation. 

 

Overall, the dissertation is built upon the need to develop strategies to further mitigate 

risks associated with emerging microbial contaminants.  Solar irradiation and 

bacteriophages demonstrate potential as natural and low-cost mitigation strategies. 

Sunlight was able to achieve significant log-reductions in tested E. coli numbers within a 

day’s exposure. Bacteriophages were able to overwhelm E. coli PI-7’s capacity to resist 

solar inactivation while not affecting the indigenous microbiota. 
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1. Introduction 

1.1. Background: water stress and wastewater reuse 

Water resource management and securing a sustainable clean-water future face many 

challenges in the world today. For many arid and semi-arid countries, water scarcity and 

water-resource management have been a big challenge for a long time. The Kingdom of 

Saudi Arabia, for instance, has limited renewable water resources but is the third-largest 

water user per capita worldwide –after Canada and the United States– consuming 

approximately 250 liters per capita per day1. In 2009, the total annual water consumption 

in the Kingdom totaled 19.2 billion m3/year, out of which 80% was non-renewable 

groundwater, 14% renewable water resources that include surface waters from infrequent 

extreme rainfall events, and 6% originated from desalinated seawater2. This water 

demand was three times higher than available renewable natural resources at the time of 

the report2, and the demand is expected to increase by 56% by the year 20351. The local 

and global water demand pressure is increasingly aggravated due to the world’s growing 

population, increasing urbanization, intensive industrial development and agricultural 

activity3, 4.  

 

In addition to the abovementioned issues, climate change is expected to affect aquatic 

systems, decrease water supplies and their quality5, 6. Countries in dry climates like the 

Middle East and North Africa are particularly affected by water-scarcity pressures, but 

countries in Europe, too, have suffered growing levels of water scarcity and 

deteriorations in water quality7, 8. The need grows to sustainably manage water resources 
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which are being anthropologically diverted from their natural sources, and to rely on 

alternative water sources to reduce the pressure on those resources. This challenge needs 

to be urgently addressed to ensure a water-secure and thereby food-secure future for the 

world4, 9, 10. 

 

Reuse of wastewaters has emerged in response to these challenges as one of the most 

viable alternative options. Wastewater reclamation opens up a new water supply, and its 

generation is always linked to the water-usage of the local population11. Therefore, the 

quality as well as the quantity of domestic wastewater is predictable, which simplifies its 

treatment compared to non-predictable sources. These factors make wastewater a 

resource that is less vulnerable to water stress conditions and seasonal variability and, 

thereby, a more reliable source than some natural sources4, 11. Treating wastewaters to 

better degrees and reusing them also incurs the added benefit of reducing unintended 

consequences caused by wastewater discharge into natural environments7, 12. Wastewater 

treatment can also bring with it additional benefits like energy production (e.g. methane 

gas in anaerobic membrane bioreactor treatments)20, or resources obtained in the 

wastewater (e.g. nutrients) that are favorable for agriculture13, 14. However, there are 

certain challenges such as the presence of emerging contaminants, for example, in reuse 

waters that can impede the practicality and safety of its application.  

 

1.2. Overview of wastewater reuse applications 

The reuse of wastewater is not a new concept, but increasing water-stress has made it a 

growingly attractive and increasingly implemented practice. Saudi Arabia intends to 
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reuse 100% of wastewater in cities with 5,000 or more inhabitants by the year 2025, and 

to overall reuse 65% of its wastewater by 2020, and over 90% by 204026. Wastewater 

reuse is also increasing in other places around the globe. In the state of California in 

2010, only 860 Mm3/year of wastewater was reused, equating to 20% of total treated 

wastewater/year. However, in recent years, this state is now among the top four states in 

terms of reclaimed water volume, setting a reuse target of 2470 Mm3/year in the year 

2030 ( nearly a 300% increase on 2010 reuse volumes)66, 67. The USA as a whole has 

seen increases in wastewater reuse at an annual rate of 15%. Similar trends are observed 

in Australia, China, Singapore, Spain, and many other countries68. 

 

There is a range of avenues for wastewater reuse depending on treatment quality, 

including potable applications and non-potable ones such as agricultural and landscape 

irrigation, surface water replenishment or groundwater recharge, industrial cooling, toilet 

flushing, and so on3, 4, 11, 15-17. Different factors govern decisions regarding wastewater 

treatment and reuse, and they differ between countries and regions based on availability 

and affordability of other water sources, as well as which types of water applications and 

challenges that are present. Illustrating the versatility of wastewater reuse in its regional 

relevance and application, a study that examined 200 wastewater reuse projects in Europe 

found that many of the projects were in coastlines of semi-arid southern regions, as well 

as in highly-urbanized areas of wetter northern regions8. The application reflected the 

sectoral water use in its region, with southern Europe using reclaimed wastewater for 

agricultural irrigation (44% of the projects) and urban or environmental applications 

(37%), and northern Europe using it for urban or environmental applications (51% of the 
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projects) or industrial ones (33%)8. In one case, wastewater was reclaimed for potable 

water production at the Flemish coast of Belgium to reduce the extraction of natural 

groundwater for potable water production and to hold back the saline intrusion8. Two 

other large-scale aquifer-recharge projects with reclaimed water have also been reported 

in Barcelona and north of London, alongside several medium sized projects. 

 

In Saudi Arabia, there are six major cities (Riyadh, Jeddah, Dammam, Makkah, Taif, and 

Madinah) which along with their metropolitan areas account for more than 70% of Saudi 

Arabia’s population as well as over 70% of its municipal water demand as of a 2010 

report1. Saudi Arabia is moving towards becoming an urban country, similar to the 

projections for 70% of the world’s population to be living in urban cities by 205023. 

Wastewater reuse in urban settings is, then, a compelling option, with municipal 

wastewater treatment infrastructures conveniently situated near the demand. This would, 

however, necessitate changes to city infrastructures to carry dual water-supplies (potable 

and reclaimed), or otherwise require more costly higher levels of wastewater treatment to 

potable levels. In Saudi Arabia, social reservations against reused wastewater for use in 

urban settings may prove difficult to overcome.  

 

Moreover, the principal stressors on water demands, volume-wise, in many countries are 

often the agricultural ones. Such is the case in Saudi Arabia, where the biggest burden on 

water resources has been agricultural irrigation which has used non-renewable water 

resources to produce wheat and milk domestically25. In the USA, 80–90% of the nation’s 

consumptive water use (i.e. water lost to the environment through evaporation, crop 
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transpiration, or incorporation into products) is attributed to agricultural irrigation69. In 

fact, agriculture accounts for approximately 70% of freshwater withdrawals globally70, 

and is one of the potentially most useful applications for wastewater reuse.  

 

1.3. Considerations in selecting wastewater reuse application 

Cost of water production and the specific application of water are important 

considerations when considering alternative water resources. Today, desalination of sea 

water to produce waters of potable quality is used by many water-stressed or arid regions 

or countries to augment the increased demand on their water supplies42, 43. Saudi Arabia 

largely depends on desalination to meet domestic water demands, often conveying water 

through pipe-lines spanning more than 4,000 kilometers and losing approximately a third 

of it in transit24, 44, 45. However, desalination is very costly despite decreasing costs in 

reverse osmosis technologies. Desalination is also limited to coastal cities and is hence 

limited in its ability to cover water demands in the inner regions of Saudi Arabia without 

incurring huge energy and environmental costs associated with transporting desalinated 

waters. Moreover, the biggest burden on Saudi water resources has been agricultural 

irrigation, which has used non-renewable water resources to produce wheat and milk 

domestically25. Agriculture is the largest water demand in many other countries around 

the world as well. Water treated to drinking quality standards like desalinated water is 

considered a valuable and expensive commodity in water-stressed areas, and the use of 

this water for non-potable purposes is not economical. Therefore, desalinated waters 

would not be practical to meet agricultural water demand for Saudi Arabia or many other 

arid countries. 
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On the other hand, wastewater reuse can offer an economic advantage. One immediately 

recognizes that wastewater reclamation turns waste into a resource (i.e., clean water) that 

would otherwise be lost to the environment. The production of 1 m3 of potable water 

consumes more than 1 m3 freshwater, while reclaimed water has an insignificant 

freshwater consumption (2.40 x10−3 m3). In this sense, wastewater reuse is a clear winner 

for conserving costs as well as saving precious non-renewable freshwaters. For another 

example of economic savings from wastewater reuse, it costs the Metropolitan Water 

District of Southern California, USA, $1.13/m3 imported water from northern California 

via the State Water Project based on a 2015 report, while recycling wastewater costs the 

district only approximately $0.72/m3 71. 

 

The freshwater footprint is one of a number of environmental impacts to be considered 

for wastewater reclamation. Compared to traditional potable water treatment processes, 

tertiary wastewater treatment process has a similar overall environmental impact profile 

in a Life Cycle Assessment Study4. It, however, remains true that reusing wastewaters 

effectively means saving the potable water, and that the negative impacts of improper 

wastewater discharge are mitigated through its treatment and targeted application in a 

sustainably closed water cycle. Desalination, on the other hand, has a higher negative 

environmental impact from the emission of air pollutants and greenhouse gasses from its 

energy sources4,46-48, and impinging on the environment and aquatic life due to water 

intake and discharge of highly saline and chemically contaminated brine waters from 

treatment operations49-51. 
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Another factor governing wastewater reuse application is that it can offer additional 

advantages. Wastewater treatment and reuse processes can simultaneously recover other 

resources. One example is recovering energy sources in parallel to the treatment process 

like methane biogas, which is produced in anaerobic membrane bioreactor wastewater 

treatments20. Another is recovery of nutrients like ammonia and phosphorus that can be 

found in treated effluents. Both ammonia and phosphorus can act as reliable fertilizers for 

agricultural soil. This reduces the need to produce animal manure chemical fertilizers and 

helps avoid their associated energy consumption and/or environmental impact3, 4, 18, 19. In 

fact, in Saudi Arabia, unregulated use of undiluted raw wastewater for its nutrients and 

affordability compared to highly-treated water by local farmers has been reported38. 

However, this practice incurs health risks. A proper framework to treat and use only 

treated wastewater would alleviate the associated health risks whilst retaining nutrient 

and economic saving benefits. Moreover, the afore-quoted Life Cycle Assessment study 

has found that nitrogen present in treated wastewater made it the most environmentally 

favorable water option among other water treatment options analyzed4. 

 

1.4. Challenges facing wastewater reuse 

Although wastewater reuse is considered as one the most promising solutions to mitigate 

water pressure and is becoming essential and reliable for many municipalities, there are 

existing and potential problems hindering wastewater reuse that would need to be 

addressed. For one, wastewater reclamaition is intended to offer a solution to water 

scarcity without adding negative effects to the environment and public health. In that 
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sense, and importantly for this dissertation, among the top areas affecting reclaimed 

water’s reuse potential are the quality and safety of treated water29. More specifically, the 

associated microbial risks. 

 

Historcially, the main goal of a wastewater treatment plant has been to minimize the 

harmful contaminants in wastewaters before discharge into the environment, and to 

protect public health by removing biodegradable contaminants, nutrients, pollutants and 

pathogens4, 11. The majority of the wastewater treatment plants (WWTP) worldwide 

utilize some form of settling and biological treatment, and often with disinfection as the 

final step. Conventional activated sludge process is the most common type of biological 

treatment today30, 31. The traditional frameworks developed to assess wastewater 

treatment performance therefore rely on parameters like the reduction of coliforms, 

biodegradable organics and nutrients20, 31. Although wastewater treatment has radically 

improved public health and reduced water-borne disease outbreaks, emerging threats 

associated with treated wastewater quality have been increasingly recognized in recent 

years. And yet, wastewater treatment and monitoring guidelines have not been updated to 

address them. 

 

These emerging contaminants include antibiotic resistant bacteria (ARB), pathogenic 

bacteria and antibiotic resistance genes (ARGs)32, 33. Microbial removal in wastewater 

treatment facilities is assessed using turbidity and culture-based quantification of total 

heterotrophic bacteria plate counts (HPCs), total coliforms and fecal coliforms counts, 

and E. coli and enterococci counts. These tools were generally effective and are 
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perceived as good surrogates for pathogens, but they only indirectly assess pathogenic 

and antibiotic resistance threats –which have been shown to undergo variable removal 

rates34. Furthermore, wastewater and its treatment plants have been implicated as sources 

and hotspots for antibiotic resistance and pathogenic contaminants20, 35-37. This is due to 

factors like the presence of high microbial numbers, trace antibiotics and heavy metals, 

and favorable conditions for survival of pathogens and ARB as well as horizontal 

exchange of antibiotic resistance genes among them. Chapter 2 of this dissertation 

provides a more detailed review of these emerging microbial threats, the role of 

wastewater and treatment plants in their dissemination, and their potential impacts on 

public health.  

 

Owing to the recent recognition of these emerging microbial contaminants, there are still 

gaps in knowledge about their fate and persistence during reuse events, and guidelines 

and regulations have not been updated to address them. This, in turn, is an obstacle for 

implementation of wastewater reuse at the current treatment and guideline levels, 

particularly in irrigation setting where waters come into contact with food crops. And this 

knowledge gap at best leaves the public vulnerable to risk from wastewater release and 

unintentional reuse. One example is in Wadi Hanifa in Riyadh, where treated sewage is 

discharged at an average rate of 450,000 m3/day to subsequently flow through the city as 

surface water, where they are unintentionally used for recreational purposes41.  

 

1.5. Mitigating the emerging contaminant threats 
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There is a need to look into the efficiency of wastewater treatment processes, and to 

understand their effect on emerging contaminants such as ARBs and ARGs. This would 

allow one to employ appropriate post-treatment strategies, specifically disinfection 

strategies that are effective at reducing them to safe levels. Chlorination is the commonly 

used disinfectant to improve treated wastewater microbial safety. At typical doses and 

contact times (CT), chlorination has been shown to allow for ARB regrowth or even 

increase their proportion52-55. Moreover, chlorine has been shown to potentially select for 

ARGs, at sublethal dosages57. At much higher doses, it can result in extensive 

fragmentation and precipitation of DNA-protein complexes, which may signify an 

effective way to reduce ARB and ARGs52, 56. However, such high doses are impractical, 

and chlorination leads to the formation of toxic, carcinogenic disinfection byproducts 

(DBPs) that significantly increase the chemical risks associated with water reuse.  

Ultraviolet (UV) disinfection is an alternative disinfection strategy that does not produce 

DBPs58. EPA-recommended UV intensities were shown to achieve good removal of 

bacteria and ARB59, but  result in varying efficacies among different types of ARGs60. 

The large variation in inactivation efficiencies suggested a selective enrichment of certain 

types of ARGs that may be more resistant against UV treatment in the final treated water. 

It remains unknown whether risk levels arising from the remaining ARB and ARGs after 

UV exceed that of the acceptable level for non-potable reuse. 

 

Beyond tertiary water treatment, quaternary or advanced treatments to further improve 

the quality of treated wastewaters are also an option. These include ozone, a strong 

oxidizing agent that can actually destroy DNA, but that is also awaiting conclusive 
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studies and is ultimately very costly61-63. Membrane filtration technologies, 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO), 

can achieve advanced levels of treatment. However, membrane technologies are prone to 

biofouling and would incur high energy-consumption and operational costs64, 65. This may 

set wastewater reclamation back from an economically smart resource to an expensive 

one that is on par with desalination. All the aforementioned options incur costly changes 

to existing water treatment schematics and may not yield guaranteed safety from 

emerging microbial contaminants. Aside from those options, “natural” strategies that can 

augment existing treatment methods can be explored as low-cost and sustainable tools to 

mitigate the emerging microbial threat. Chapter 2 of this dissertation provides a review of 

two such low-cost strategies, sunlight and bacteriophages. 

 

In all cases, it is important to understand risks associated with treated wastewater from 

conventional wastewater treatment in order to determine the need for different guidelines 

and advanced treatments to mitigate the risks. It is also important to explore natural low-

cost tools for their potential as mitigation tools so that they can be taken advantage of, 

and to serve as a well-understood affordable option. 

 

1.6. Objectives 

This dissertation aims to contribute to safer wastewater reuse by first characterizing the 

emerging microbial threats and risks associated with wastewater reclamation. This is 

addressed in Chapter 2, which is a literature review of natural soil antibiotic resistance 

profiles and antibiotic resistance profiles of soils that were perturbed by anthropogenic 
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activity and wastewater application. Chapter 2 also reviewed studies on wastewater 

treatment plants’ performance in terms of reduction of emerging microbial contaminants, 

and contribution to superbug creation and dissemination. This is with a focus on the 

aggressive antibiotic resistance New Delhi Metallo-beta-lactamase (NDM) gene, 

suspected to have originated from wastewater and reported globally in clinical and 

wastewater settings. Chapter 2 attempts to fill gaps in understanding risks, fate and 

transfer of emerging microbial contaminants by reviewing their potential for horizontal 

gene transfer (HGT) in the environment and their ability to survive and internalize into 

wastewater irrigated crops. 

 

This dissertation then assessed two natural and low-cost strategies to reduce the microbial 

threat and  to faciliate safer wastewater reuse. The first strategy is solar irradiation. In 

Chapter 3, solar irradiation was applied to inactivate a New Delhi metallo beta-

lactamase-positive E. coli strain PI-7. Its pathogen removal was assessed through 

quantifying viable cell number of surviving E. coli. Chapter 3 further assesses the 

survival strategies in the E. coli isolate PI-7 upon exposure to solar irradiation. RNA-

sequencing was performed to elucidate the gene expressions of E. coli PI-7. The gene 

expression profiles were compared to a commercial non-pathogenic and less antibiotic-

resistant E. coli DSM1103 to explain why E. coli PI-7 seemingly survived longer in solar 

exposure. Chapter 3’s novel contribution lies in that it assesses the survival response of 

an antibiotic resistant pathogenic bacteria to solar irradiation when scientific literature 

was lacking in that niche. More importantly, it examines the global gene expression 
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responses of the two E. coli isolates under increasing exposure duration to solar 

irradiation.   

 

Chapter 4 of this dissertation expands on the work of Chapter 3 by exploring an 

additional mitigation strategy: bacteriophages, viruses that infect bacteria, and a natural 

component of many environments. Bacteriophages are self-replicating entities that are  

generally host-specific, which are good traits for sustainable application. Additionally, 

Chapter 3 results found gene expression responses pointing to increased vulnerability to 

phage infection in solar-irradiated E. coli. Chapter 4, hence, aimed to assess the 

complementary use of bacteriophages with solar irradiation in order to further sensitize 

the NDM-carrying E. coli PI-7 to solar disinfection. This is done by quantifying 

surviving E. coli and also examining their gene expression responses. This adds novelty 

in being the first instance of applying both strategies together. Furthermore, Chapter 4  

assessed the safety of bacteriophage application for non-target microbial communities 

using culture-based and molecular methods. 

 

The general aim of this dissertation is to provide the tools and scientific evidence to 

facilitate safe reuse of reclaimed wastewater by furthering understanding the associated 

risks arising from emerging antibiotic resistant bacteria, and devising mitigation 

strategies to address these risks. 

 

  



28 

 

1.7. References 

1. KICP In PromotingWastewater Reclamation and Reuse in the Kingdom of SaudiArabia: 

Technology Trends, Innovation Needs and BusinessOpportunities. Annual Strategic Study 

2010–2011, KAUST Industry Collaboration Program, Kingdom of Saudi Arabia, 2012; 

Kingdom of Saudi Arabia, 2012. 

2. Al-Saud, M. In Managing the Water Sector of Saudi Arabia. Deputy Minister, Ministry of 

Water and Electricity, SaudiArabia, Keynote Lecture Water Desalination and 

ReuseCenter, King Abdullah University of Science and Technology, Thuwal, Saudi 

Arabia, October 16, 2010; King Abdullah University of Science and Technology, Thuwal, 

Saudi Arabia, October 16, 2010. 

3. Garcia, X.; Pargament, D., Reusing wastewater to cope with water scarcity: Economic, 

social and environmental considerations for decision-making. Resour Conserv Recy 2015, 

101, 154-166. 

4. Meneses, M.; Pasqualino, J. C.; Castells, F., Environmental assessment of urban 

wastewater reuse: treatment alternatives and applications. Chemosphere 2010, 81, (2), 266-

72. 

5. Meyer, J. L.; Sale, M. J.; Mulholland, P. J.; Poff, N. L., Impacts of climate change on 

aquatic ecosystem functioning and health. J Am Water Resour As 1999, 35, (6), 1373-1386. 

6. Sowers, J.; Vengosh, A.; Weinthal, E., Climate change, water resources, and the politics of 

adaptation in the Middle East and North Africa. Climatic Change 2011, 104, (3-4), 599-

627. 



29 

 

7. Molinos-Senante, M.; Hernandez-Sancho, F.; Sala-Garrido, R., Cost-benefit analysis of 

water-reuse projects for environmental purposes: a case study for Spanish wastewater 

treatment plants. J Environ Manage 2011, 92, (12), 3091-7. 

8. Bixio, D.; Thoeye, C.; De Koning, J.; Joksimovic, D.; Savic, D.; Wintgens, T.; Melin, T., 

Wastewater reuse in Europe. Desalination 2006, 187, (1-3), 89-101. 

9. Cosgrove, W. J.; Rijsberman, F. R., World water vision: making water everybody's 

business. Routledge: 2014. 

10. Hoff, H., Understanding the nexus: Background paper for the Bonn2011 Nexus 

Conference. In SEI: 2011. 

11. Levine, A. D.; Asano, T., Recovering sustainable water from wastewater. Environ Sci 

Technol 2004, 38, (11), 201A-208A. 

12. Hochstrat, R.; Joksimovic, D.; Wintgens, T.; Melin, T.; Savic, D., Economic considerations 

and decision support tool for wastewater reuse scheme planning. Water Sci Technol 2007, 

56, (5), 175-82. 

13. Qadir, M.; Sharma, B. R.; Bruggeman, A.; Choukr-Allah, R.; Karajeh, F., Non-

conventional water resources and opportunities for water augmentation to achieve food 

security in water scarce countries. Agricultural Water Management 2007, 87, (1), 2-22. 

14. Corominas, L.; Foley, J.; Guest, J. S.; Hospido, A.; Larsen, H. F.; Morera, S.; Shaw, A., 

Life cycle assessment applied to wastewater treatment: State of the art. Water Res 2013, 

47, (15), 5480-5492. 

15. Abeysinghe, D. H.; Shanableh, A.; Rigden, B., Biofilters for water reuse in aquaculture. 

Water Science and Technology 1996, 34, (11), 253-260. 



30 

 

16. Kim, J.; Song, I.; Oh, H.; Jong, J.; Park, J.; Choung, Y., A laboratory-scale graywater 

treatment system based on a membrane filtration and oxidation process - characteristics of 

graywater from a residential complex. Desalination 2009, 238, (1-3), 347-357. 

17. Ustun, G. E.; Solmaz, S. K. A.; Birgul, A., Regeneration of industrial district wastewater 

using a combination of Fenton process and ion exchange - A case study. Resour Conserv 

Recy 2007, 52, (2), 425-440. 

18. Winpenny, J.; Heinz, I.; Koo-Oshima, S.; Salgot, M.; Collado, J.; Hernandez, F., The 

wealth of waste. Food and Agriculture Organization of the United Nations (FAO): 2010. 

19. Sala, L.; Serra, M., Towards sustainability in water recycling. Water Sci Technol 2004, 50, 

(2), 1-8. 

20. Harb, M. Microbial-based evaluation of anaerobic membrane bioreactors (AnMBRs) for 

the sustainable and efficient treatment of municipal wastewater. 2017. 

21. Blanca Jimenez, T. A., Water Reuse: An International Survey of current practice, issues 

and needs. IWA Publishing, London: 2008; Vol. 7, p 648. 

22. Lyu, S. D.; Chen, W. P.; Zhang, W. L.; Fan, Y. P.; Jiao, W. T., Wastewater reclamation 

and reuse in China: Opportunities and challenges. J Environ Sci-China 2016, 39, 86-96. 

23. http://www.nfdindia.org/lec14.html, M. a. P. G. 

24. Drewes, J. E.; Garduño, C. P. R.; Amy, G. L., Water reuse in the Kingdom of Saudi Arabia–

status, prospects and research needs. Water Science and Technology: Water Supply 2012, 

12, (6), 926-936. 

25. Abderrahman, W. A., Energy and water in arid developing countries: Saudi Arabia, a case-

study. International Journal of Water Resources Development 2001, 17, (2), 247-255. 



31 

 

26. Haider, S., Saudi Arabia aims at 100 percent wastewater reuse by 2025. Saudi Gazette 19 

Feb 2015, 2015. 

27. AQUAREC, R. H.; Wintgens, T., Report on Milestone M3. I. Draft of wastewater reuse 

potential estimation, Interim report 2003. 

28. Gencat Generalitat de Catalunya. Departament de Mediambient i Habitatge. 

Environmental Sustainability Report of the Catalan Water Reuse Programme (PRAC). 

Document of Public Information, According to the Official Journal of the Government of 

Catalonia (DOGC) No. 5428 of 24/07/2009 (in Catalan). 2009. 

29. Grant, S. B.; Saphores, J. D.; Feldman, D. L.; Hamilton, A. J.; Fletcher, T. D.; Cook, P. L. 

M.; Stewardson, M.; Sanders, B. F.; Levin, L. A.; Ambrose, R. F.; Deletic, A.; Brown, R.; 

Jiang, S. C.; Rosso, D.; Cooper, W. J.; Marusic, I., Taking the "Waste" Out of 

"Wastewater" for Human Water Security and Ecosystem Sustainability. Science 2012, 337, 

(6095), 681-686. 

30. Ardern, E., The oxidation of sewage without the aid of filters. Part II. Journal of Chemical 

Technology and Biotechnology 1914, 33, (23), 1122-1124. 

31. Jenkins, D.; Wanner, J., Activated sludge-100 years and counting. IWA publishing: 2014. 

32. Schwartz, T.; Kohnen, W.; Jansen, B.; Obst, U., Detection of antibiotic-resistant bacteria 

and their resistance genes in wastewater, surface water, and drinking water biofilms. Fems 

Microbiology Ecology 2003, 43, (3), 325-335. 

33. Crockett, C. S., The role of wastewater treatment in protecting water supplies against 

emerging pathogens. Water Environ Res 2007, 79, (3), 221-232. 

34. Toze, S., PCR and the detection of microbial pathogens in water and wastewater. Water 

Res 1999, 33, (17), 3545-3556. 



32 

 

35. LaPara, T. M.; Burch, T. R.; McNamara, P. J.; Tan, D. T.; Yan, M.; Eichmiller, J. J., 

Tertiary-Treated Municipal Wastewater is a Significant Point Source of Antibiotic 

Resistance Genes into Duluth-Superior Harbor. Environ Sci Technol 2011, 45, (22), 9543-

9549. 

36. Zhang, Y. L.; Marrs, C. F.; Simon, C.; Xi, C. W., Wastewater treatment contributes to 

selective increase of antibiotic resistance among Acinetobacter spp. Sci Total Environ 

2009, 407, (12), 3702-3706. 

37. Baquero, F.; Martinez, J. L.; Canton, R., Antibiotics and antibiotic resistance in water 

environments. Curr Opin Biotech 2008, 19, (3), 260-265. 

38. Qadir, M.; Boers, T. M.; Schubert, S.; Ghafoor, A.; Murtaza, G., Agricultural water 

management in water-starved countries: challenges and opportunities. Agricultural water 

management 2003, 62, (3), 165-185. 

39. Briefing, W. P., Recycling realities: Managing health risks to make wastewater an asset. In 

IWMI: 2006. 

40. Seidu, R.; Heistad, A.; Amoah, P.; Drechsel, P.; Jenssen, P. D.; Stenstrom, T. A., 

Quantification of the health risk associated with wastewater reuse in Accra, Ghana: a 

contribution toward local guidelines. J Water Health 2008, 6, (4), 461-71. 

41. Al-Samhouri, W. A.-N., Mashary, Wadi hanifa wetlands. On site review report for the Aga 

Khan award forarchitecture. ArchNet Digital Library 2007. 

42. Ghaffour, N., The challenge of capacity-building strategies and perspectives for 

desalination for sustainable water use in MENA. Desalination and Water Treatment 2009, 

5, (1-3), 48-53. 



33 

 

43. Quteishat, K. In Desalination and water affordability, SITeau International Conference, 

Casablanca, Morocco, 2009; 2009. 

44. Dziuban, M. Water and National Strength in Saudi Arabia; CSIS-Center for Strategic and 

International Studies. Middle East Program: Available at: www.csis.org/mideast, 2011. 

45. Sfakianakis, J. A. H., T.A.; Merzaban, D. FullSteam Ahead: Saudi Power, Water Sectors 

Occupy Centre Stage as Demand Soars; Banque Saudi Fransi, Saudi Arabia Sector 

Analysis, March 14, 2010, 2010; pp pp. 1–12. 

46. Fritzmann, C.; Löwenberg, J.; Wintgens, T.; Melin, T., State-of-the-art of reverse osmosis 

desalination. Desalination 2007, 216, (1-3), 1-76. 

47. Von Medeazza, G. M., “Direct” and socially-induced environmental impacts of 

desalination. Desalination 2005, 185, (1-3), 57-70. 

48. Raluy, G.; Serra, L.; Uche, J., Life cycle assessment of MSF, MED and RO desalination 

technologies. Energy 2006, 31, (13), 2361-2372. 

49. Council, N. R., Committee on Advancing Desalination Technology. Desalination: a 

national perspective 2008. 

50. Lattemann, S.; Höpner, T., Environmental impact and impact assessment of seawater 

desalination. Desalination 2008, 220, (1-3), 1-15. 

51. Cooley, H.; Gleick, P. H.; Wolff, G., Desalination, with a grain of salt. Pacific Institute. 

June 2006. 

52. Guo, M.-T.; Yuan, Q.-B.; Yang, J., Distinguishing effects of ultraviolet exposure and 

chlorination on the horizontal transfer of antibiotic resistance genes in municipal 

wastewater. Environ Sci Technol 2015, 49, (9), 5771-5778. 



34 

 

53. Munir, M.; Wong, K.; Xagoraraki, I., Release of antibiotic resistant bacteria and genes in 

the effluent and biosolids of five wastewater utilities in Michigan. Water Res 2011, 45, (2), 

681-693. 

54. Murray, G.; Tobin, R. S.; Junkins, B.; Kushner, D., Effect of chlorination on antibiotic 

resistance profiles of sewage-related bacteria. Applied and environmental microbiology 

1984, 48, (1), 73-77. 

55. Öncü, N. B.; Menceloğlu, Y. Z.; Balcıoğlu, I. A., Comparison of the effectiveness of 

chlorine, ozone, and photocatalytic disinfection in reducing the risk of antibiotic resistance 

pollution. Journal of Advanced Oxidation Technologies 2011, 14, (2), 196-203. 

56. Suquet, C.; Warren, J. J.; Seth, N.; Hurst, J. K., Comparative study of HOCl-inflicted 

damage to bacterial DNA ex vivo and within cells. Archives of biochemistry and biophysics 

2010, 493, (2), 135-142. 

57. Zhang, Y.; Gu, A. Z.; He, M.; Li, D.; Chen, J., Subinhibitory concentrations of disinfectants 

promote the horizontal transfer of multidrug resistance genes within and across genera. 

Environ Sci Technol 2016, 51, (1), 570-580. 

58. Hong, P.-Y.; Julian, T. R.; Pype, M.-L.; Jiang, S. C.; Nelson, K. L.; Graham, D.; Pruden, 

A.; Manaia, C. M., Reusing Treated Wastewater: Consideration of the Safety Aspects 

Associated with Antibiotic-Resistant Bacteria and Antibiotic Resistance Genes. Water 

2018, 10, (3), 244. 

59. Pirnie, M.; Linden, K. G.; Malley, J. P.; Schmelling, D.; USA, O. o. W., Ultraviolet 

disinfection guidance manual for the final long term 2 enhanced surface water treatment 

rule: EPA 815-R-06-007. EPA: 2006. 



35 

 

60. McKinney, C. W.; Pruden, A., Ultraviolet disinfection of antibiotic resistant bacteria and 

their antibiotic resistance genes in water and wastewater. Environ Sci Technol 2012, 46, 

(24), 13393-13400. 

61. Pruden, A., Balancing water sustainability and public health goals in the face of growing 

concerns about antibiotic resistance. In ACS Publications: 2013. 

62. Lüddeke, F.; Heß, S.; Gallert, C.; Winter, J.; Güde, H.; Löffler, H., Removal of total and 

antibiotic resistant bacteria in advanced wastewater treatment by ozonation in combination 

with different filtering techniques. Water Res 2015, 69, 243-251. 

63. Sigmon, C.; Shin, G.-A.; Mieog, J.; Linden, K. G., Establishing surrogate–virus 

relationships for ozone disinfection of wastewater. Environmental Engineering Science 

2015, 32, (6), 451-460. 

64. Frimmel, F. H.; Niessner, R., Nanoparticles in the water cycle. Springer: 2014. 

65. Bogardi, J. J.; Dudgeon, D.; Lawford, R.; Flinkerbusch, E.; Meyn, A.; Pahl-Wostl, C.; 

Vielhauer, K.; Vörösmarty, C., Water security for a planet under pressure: interconnected 

challenges of a changing world call for sustainable solutions. Current Opinion in 

Environmental Sustainability 2012, 4, (1), 35-43. 

66. Tchobanoglous, G.; Leverenze, H.; Nellor, M.H.; Crook, J. Direct Potable Reuse: A Path 

Foeward; WateReuse Res. Foundation: Alexandria, VA, USA, 2011.  

67. NRC  Water Reuse: Expanding the Nations’ Water Supply through Reuse of Municipal 

Waste Water; National Research Council, National Academy of Sciences: Washington, 

DC, 2012. 

68. Angelakis, Andreas N., and Shane A. Snyder. "Wastewater treatment and reuse: Past, 

present, and future." (2015): 4887-4895. 



36 

 

69. Schaible, G.; Aillery, M. Water conservation in irrigated agriculture: Trends and 

challenges in the face of emerging demands USDA-ERS Economic Information 

Bulletin 2012, 99)  1 DOI: 10.2139/ssrn.2186555 

70. Dubois, Olivier. The state of the world's land and water resources for food and agriculture: 

managing systems at risk. Earthscan, 2011. 

71. Stevens, M.; Morin, M. Metropolitan Water District aims to build plant to recycle sewage 

into drinking water.  L.A. Times [Online] 2015, http://www.latimes.com/science/la-me-

mwd-recycled-water-20150923-story.html (accessed 1st May, 2018) 

 

 

 

  

http://www.latimes.com/science/la-me-mwd-recycled-water-20150923-story.html
http://www.latimes.com/science/la-me-mwd-recycled-water-20150923-story.html


37 

 

Chapter 2 

Potential dissemination of ARB and ARG into soil through the use of treated 

wastewater for agricultural irrigation – is it a true cause for concern? 
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2.  Potential dissemination of ARB and ARG into soil through the use of treated   

wastewater for agricultural irrigation – is it a true cause for concern? 

 

Abstract 

Resistance to antibiotics is increasingly being recognized as an emerging contaminant 

posing great risks to effective treatment of infections and to public health. Pristine soils 

or even soils that predate the antibiotic era naturally contain ARB and ARG. This chapter 

explores the native resistome of soils, and collates information on whether soil 

perturbation through wastewater reuse can lead to accumulation of ARB and ARGs in 

agricultural soils. Special emphasis was given to ARGs, particularly the blaNDM gene that 

confers resistance against carbapenem. The fate and persistence of these emerging ARGs 

have not been studied in depth, however this chapter reviews available information on 

other ARGs to gain insight into the possibility of horizontal gene transfer events in 

wastewater-irrigated soils and plant surfaces and tissues. Lastly, this chapter visits solar 

irradiation and bacteriophage treatment as intervention options to limit dissemination of 

emerging contaminant threats. 
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2.1. Introduction  

Antibiotic resistance is increasingly being recognized as an emerging contaminant, 

threatening effective treatment of infections and carrying a great risk to public health. 

Anthropogenic activities such as the rise in antibiotic use for medical and agricultural 

purposes are considered a major cause for escalating the threat.  

In all cases of usage, antibiotic end up in sewage waters at sub-therapeutic levels, that is, 

in concentrations not high enough to kill bacteria but instead impose a selective pressure 

to favor the occurrence of antibiotic resistant bacteria (ARB) with their associated 

antibiotic resistance genes (ARGs) 1. In recent years, WWTPs have been shown to be 

potential hotspots for ARB and ARG propagation 2. Despite undergoing treatment, the 

treated municipal wastewater can still contain a significant amount of ARB and ARGs. 

This problem is of particular concern in water-scarce countries with pressing needs to 

reuse the treated wastewater. Reuse of treated wastewater effluents might impose a 

potential risk to the public health if ARB and ARGs accumulate in the agricultural soils. 

Soils, however, also inherently contain a baseline abundance of ARB and ARGs. It is 

therefore required to account for how much of the ARB and ARGs in agricultural soils 

are truly contributed by wastewater during irrigation events, and also which of these ARB 

and ARGs are potential new threats of concern.  

This chapter aims to address the underlying question of whether the use of treated 

wastewater for agricultural irrigation can lead to potential dissemination of ARG and 

ARB. To achieve this aim, the chapter starts by first stating that pristine soils or even 

soils that predate the antibiotic era naturally contain ARB and ARG. Findings from 

earlier studies are collated to provide both sides of the argument on whether wastewater 
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reuse can lead to accumulation of ARB and ARGs in agricultural soils.  Emphasis is 

made on the emerging ARGs, particularly the blaNDM gene that confers resistance against 

carbapenem. Carbapenem is an antibiotic typically used as a last line of defense against 

gram-negative bacterial infections 3. Bacterial pathogens possessing the blaNDM gene are 

hence associated with patient morbidity and mortality rates. The fate and persistence of 

emerging ARGs (e.g. blaNDM) are not studied in-depth but the chapter reviews insights 

that have been gained from studies involving other types of ARGs to discern if horizontal 

gene transfers are likely in a wastewater-irrigated soil matrix. Finally, the chapter 

discusses several intervention strategies, namely solar irradiation and phage treatment 

that can potentially be applied in the agricultural setting to combat against emerging ARB 

and ARG threats. 

 

2.2. Pristine environments harbor ARBs and ARGs 

Natural environments are thought to be the origin of most antibiotic resistance genes and 

serve as reservoirs for antibiotic resistance 4, 5. Soil environments are a particularly 

significant reservoir as they are one of the richest habitats for microbial diversity and 

abundance 6. In one study, a majority of the 93 bacterial colonies isolated from a cave 

that had been secluded for over 4 million years were revealed to be multi-drug resistant. 

These bacterial isolates demonstrated resistance to a wide range of structurally different 

antibiotics, including the last-resort antibiotic daptomycin 7. However, resistance patterns 

showed relatively little resistance to new classes of synthetic antibiotics compared to 

natural antibiotics. In another study on deep terrestrial subsurface soil samples, 153 

bacterial isolates were tested against 13 antibiotics and results found 70% of these 
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isolates to be resistant to more than one antibiotic, with over 35 isolates resistant to five 

or more antibiotics 8. Most frequently noted resistance was against nalidixic acid, 

mupirocin, or ampicillin, and to lesser extents, against ciprofloxacin, tetracycline, 

neomycin and chloramphenicol. Resistance against rifampin, streptomycin, kanamycin, 

vancomycin, erythromycin and gentamicin was also detected. 

2.2.1. Overview of range of antibiotic resistance classes in pristine 

environments/soil 

Given the presence of ARB in pristine environments, detection of ARGs is expected too. 

An analysis of the ARGs distribution in glacier environments showed a widespread 

distribution of ARGs in samples from various glaciers in Central Asia, North and South 

America, Greenland and Africa 9. Reported ARGs included blaTEM-1, tetW, aac(3), aacC 

and strA and even metallo beta-lactamase gene (blaIMP), encompassing ARGS of both 

clinical and agricultural origins. In another study, soil DNA was cloned into vectors, and 

expressed for the insert genes. It was determined that at least nine clones were resistant to 

aminoglycosides and one to tetracycline 10. Aminoglycoside resistance genes sequences 

were further analyzed and six of them resembled genes that expresses 6’-N-

aminoglycoside acetyltransferase [AAC(6’)] enzymes. All but one of the aminoglycoside 

resistance genes encode amino acid sequences that are considerably different (< 60% 

identity) from any previously reported sequences. This indicates that natural soil 

environments are not only reservoirs for common ARGs, but are also reservoirs for 

genetically diverse and novel ARGs. Another study used functional metagenomics to 

study remote Alaskan soils and revealed the presence of diverse beta-lactamases, namely 

Ambler classes A, C, D (active site serine beta-lactamases) and B (metallo beta-
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lactamase) 11. Class A beta-lactamase were recovered from Burkholderia pseudomallei, 

Pseudomonas luteola and Yersinia entercolitica, and these recovered beta-lactamases 

were distantly related to the clinically relevant CTX-M family. The lone representative of 

the class D beta-lactamases was linked with a class C beta-lactamase as part of a single 

open reading frame harboring two full-length genes, making the study one of the first to 

report a bifunctional beta-lactamase. Class D causes resistance to amoxicillin, ampicillin 

and carbenicillin, while class C causes resistance to cephalexin. Class B beta-lactamase in 

the Alaskan soils fell into one of the three subgroups of known metallo beta-lactamases, 

but were more closely related to the ancestral beta-lactamases than beta-lactamases 

isolated in clinical settings. They, however, remained capable of conferring resistance on 

E. coli despite this evolutionary distance, demonstrating that resistance genes residing in 

the environmental reservoir do pose a threat to human health, especially if they are 

horizontally transferred to pathogens. 

 

2.2.2. ARGs predate the use of antibiotics 

Pristine environments are those subjected to minimal perturbation by human activities, 

but they might still be indirectly subjected to unknown anthropogenic contamination due 

to weather elements and animal migration. For an assessment of samples free from 

modern anthropogenic activities and antibiotic influences, insight can be gained from 

examining pre-antibiotic era bacterial isolates. Retrospective studies have found ARGs in 

bacterial isolates sampled prior to 1950, with some of the detected resistance elements 

being able to be conjugatively transferred 12, 13. Metagenomic analysis of ancient 30,000-

year-old DNA from permafrost sediments also identified a highly diverse collection of 
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genes encoding resistance to beta-lactam, tetracycline and glycopeptide antibiotics, and 

confirmed the similarity of a complete vanA gene to modern variants 14. These results 

showed that ARGs exist naturally in the environment even prior to extreme selection 

pressure imposed by rampant antibiotic use. ARGs appear to facilitate bacterial survival 

in the natural environment and may be co-selected for by environmental factors like solar 

radiation or the presence of heavy metals and other toxic compounds in soil 15-17. It may 

also be possible that ARGs occur consequentially from symbiotic relationships shared 

among different microorganisms. For instance, to defend against antibiotic-producing 

Streptomyces, other bacterial species may have co-evolved resistance against the 

corresponding antibiotics 14, 18.  

 

2.2.3. Baseline abundance of ARGs in soil 

Despite the vast information related to the diversity of ARBs and ARGs that could be 

recovered from pristine soils or from soils predating the antibiotic era, little information 

is available on the baseline abundance of ARGs in such samples. Wang and coworkers 

utilized qPCR arrays to report the relative abundance of a wide diversity of ARGs. Their 

results found seven ARGs (blaTEM, blaSFO, blaFOX, cphA, mexF, oprD, and oprJ) that 

were frequently and evenly represented across all samples, suggesting that the examined 

Antarctic region is a reservoir for these genes 19.  However, the study only provides 

relative abundance of genes and not absolute copy numbers. Instead, such information 

can be inferred from another study that used qPCR to quantify values of different classes 

of ARGs in agricultural soil samples collected over the 1940s, 1960s, 1970s, 1980s and 

2000s 20(Knapp 2010). The study revealed that some genes increased in abundance with 
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time. Specifically, genes tetQ, tetO, tetM, blaTEM-1 were among ARGs with the highest 

rates of increment, coinciding with the increase in industrial antibiotic production in the 

1950s and the increased use of related antibiotics (i.e., tetracycline and beta-lactam) in 

the recent years 21. To illustrate, at one of the study’s sampling sites (Site C), tetQ, tetO 

and blaTEM-1 had abundance of 10-3.49, 10-5.47 and 10-1.85 copies, respectively, per gram of 

dry soil collected in 1942. The abundance of tetQ, tetO and blaTEM-1 increased to 10-2.62, 

10-2.65 and 10-0.50 copies, respectively, per gram of dry soil collected in 1975. Although 

this study only examined archived soils collected from the Netherlands and may not be 

representative of baseline ARG abundance on a global scale, knowledge of the baseline 

ARG abundance would allow one to infer the required ARG fluxes from anthropogenic 

sources to significantly perturb the baseline ARG abundance.  This would suggest that 

irrigation with municipal wastewater and/or manure application, both of which inherently 

contain high abundances of ARBs and ARGs 22-25, may be potential contributors of ARGs 

and ARB to the soils. The following subsection therefore aims to further review potential 

impact on soils arising from manure application and wastewater irrigation.  

 

2.3. Antibiotic resistance genes in anthropologically perturbed soils 

Numerous studies showed that application/irrigation of manure and wastewater can lead 

to potential detrimental impacts on soils.  Soils applied with dairy or swine manure were 

compared to inorganically-fertilized soils 26, and results showed enrichment of ARB and 

increment of ARGs abundances in manure-applied soils. However, there was no coherent 

corresponding increase in abundances enumerated from vegetables grown in the soils. 

Heuer and coworkers applied manure-containing sulfadiazine, an antibiotic typically used 
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on livestock, to soils and compared the abundance of sulfonamide resistance genes 

against the non-treated soils. Their findings showed an increase in sulfonamide resistance 

gene numbers compared to non-treated soils, and that sulfonamide resistance genes 

continued to be detected more than two months after manure application 27. When 

sulfadiazine-supplemented manure was applied repeatedly to soils, sulfonamide 

resistance gene abundances accumulated within the soil samples 28. Although such 

studies demonstrate an increase in ARGs as a result of manure application, the increase 

could be due to a higher nutrient input that subsequently changed the microbial 

community and enriched for bacterial populations that inherently possess the associated 

ARGs. To address this, a separate study examined soils treated with a single application 

of manure derived from cows which had not received any antibiotics treatment 29. For 

over 130 days, the ARG abundances in manure-applied soils were compared to that 

detected in soils adjusted to the same nutrient input load (i.e., nitrogen, phosphorus, 

potassium) levels with inorganic fertilizer (i.e., controls). It was reported that manure-

applied soils contained a higher abundance of beta-lactam-resistant bacteria with blaCEP 

(i.e., cephalothin) resistance genes. The increase in abundance for this gene was linked to 

the enrichment of beta-lactamase-harboring resident soil bacteria. A further identification 

showed an increase in abundance for Pseudomonas spp. and Janthinobacterium sp.; both 

known to harbor beta-lactamases. This suggests that increases in the abundance of ARG 

and ARB after manure application can possibly be accounted for by the influx of 

contaminants associated with the manure. On the same note, a qPCR-based assessment 

on tetracycline resistance genes and integrase genes found that manure application caused 

gene abundances to increase by 6-fold 30. These genes remained above background levels 
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for up to 16 months. Through 16S rRNA gene analysis, the study found that soil samples 

collected before and after manure application did not change significantly, suggesting 

that the increase in the ARGs was due to the manure application, possibly arising from 

the influx of these ARGs from the animal feces, and not due to changes in microbial 

communities.  

 The impact on soils arising from wastewater irrigation seems to differ from 

manure application depending on the extent of wastewater treatment received. A recent 

study analyzed soils that were continuously irrigated with untreated wastewater for 100 

years 31. Compared to control soils, sulfonamide resistance gene copy numbers increased 

when normalized to either 16S rRNA genes or per gram of dry soil. The wastewater-

irrigated soils were also noted to have increased total number of 16S rRNA gene copies, 

and this long-term increase in biomass correlated to the increase in absolute concentration 

of resistance genes in soils. 

 In contrast, negligible or insignificant detrimental impact was observed when wastewater 

was first treated prior irrigation. To exemplify, a comparison between treated-

wastewater-irrigated and freshwater-irrigated soils found that ARB and ARG levels were 

on the whole identical or sometimes even lower in treated-wastewater-irrigated soils 32. 

Their findings indicate that the high numbers of ARB that entered the soil did not 

compete successfully against the resident soil bacteria, and hence were unable to survive 

in the soil environment. Another study irrigated soil microcosms with secondary-treated 

(i.e., wastewater that received treatment in a biological activated sludge process), 

chlorinated, or dechlorinated effluents in a single irrigation event, and did not observe 

any significant changes in the ARG levels compared to microcosms irrigated with 
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deionized water 33. However, there were elevated levels of sulfonamide resistance genes 

in soils upon repeated irrigation with secondary-treated wastewater but not with the 

chlorinated and dechlorinated effluents. A follow-up study monitored abundances of 

ARB and ARGs in vegetables grown fields fertilized with digested biosolids or untreated 

municipal sewage sludge compared to inorganic fertilizer 34. Results did not show that 

either treatment had a significant impact on viable coliform ARB, except in one instance 

where sewage sludge application increased the occurrence frequency of ARB from 46.4% 

to 79.2%. The PCR approach detected gene targets in both treated soils and vegetables 

grown in them that were not present in inorganically fertilized soils.  

 

2.4. Performance of wastewater treatment plants 

These combined reports emphasize the importance of treatments achieving sufficient 

microbial contaminant removal before wastewater is used to irrigate agricultural soils. A 

conventional municipal wastewater treatment plant (WWTP) is comprised of a primary 

clarifier that serves to provide sedimentation of settleable solid particulates from the raw 

wastewater (i.e., influent), followed by biological activated sludge process. Within the 

activated sludge process, microorganisms serve to biodegrade the organic matter, hence 

reducing the organic and nutrient load. The wastewater generated from the biological 

activated sludge tank is then channeled to a secondary clarifier to separate the supernatant 

from the settleable solid particulates. Effluent generated at this point is typically referred 

to as the secondary-treated wastewater. In most WWTPs, chlorination is performed on 

the secondary treated wastewater to achieve an additional inactivation of microbial agents 

present. In most instances, secondary biological treatment processes can achieve 
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satisfactory treatment with regards to fecal coliforms in wastewater, and generally are 

able to meet a discharge requirement that includes a permissible level of fecal coliforms 

in wastewater < 1000 CFU/100 mL for restricted irrigation or < 2.2 CFU/100 mL for 

unrestricted irrigation 35, 36. 

However, secondary treatment processes do not necessarily address specific classes of 

pathogens and/or emerging microbial contaminants like ARB and ARGs, which are more 

difficult to remove than fecal coliforms. To illustrate, an investigation of the performance 

of a full-scale wastewater treatment plant assessed influent, secondary-treated and 

chlorinated effluents using culture-based and molecular methods 37. Results found that 

abundance of regulated contaminants like coliforms and fecal coliforms was effectively 

reduced and met quality standards for restricted irrigation. However, removal rates of 

emerging contaminants were lower and that proportions of pathogenic genera and multi-

drug resistant bacteria increased over the treatment schematic. An assessment of the 

performance of a full-scale and a bench-scale membrane bioreactor for wastewater 

treatment found variable but never total removal of pathogens from the influent to the 

effluent, despite the use of microfiltration membranes 38.  

Given that a total removal of microbial agents is not likely to be achieved by most 

WWTPs, more care should be placed to ensure removal of emerging ARB and ARGs that 

do not constitute part of the baseline ARGs and ARB in soils, as discussed earlier. The 

blaNDM is an example of a gene that has thus far not been found to constitute part of the 

baseline ARGs in soils.  It results in the production of New Delhi metallo-beta-lactamase 

(NDM), an enzyme that confers resistance to a wide spectrum of beta-lactams, including 

carbapenems. A study addressing the occurrence of blaNDM genes at different phases in 
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two wastewater treatment facilities in northern China found that blaNDM genes were 

detected in the influent, effluent and chlorinated effluent, which in turn resulted in the 

discharge of significant levels of these genes to the environment 39. The findings from 

that study therefore indicate that blaNDM is an emerging contaminant of special concern 

when the treated wastewater is to be reused for agricultural irrigation.  

 

2.4.1. New Delhi Metallo-beta-lactamase as an emerging contaminant of 

special concern  

Carbapenems are beta-lactam antibiotics that have been used to combat severe gram-

negative bacterial infections, and represent a last line of defense treatment 3. Hence, 

emergence and global spread of carbapenem resistance in bacteria that would render this 

last-resort treatment ineffective can be a cause of great concern to public health. 

Resistance is conferred through carbapenemases, a type of beta-lactamase enzymes 

categorized into Ambler classes B, A, C and D 40. Class B carbapenemases are metallo-

beta-lactamases, MBLs, that use bound zinc atoms in the active site to help ionize and 

coordinate a nucleophilic hydroxide ion to mediate hydrolysis, while class A, C and D 

carbapenemases are serine carbapenemases that use active site serine as a nucleophile 40, 

41. The New Delhi Metallo-beta-lactamase is a broad-spectrum beta-lactamase that falls 

into Ambler class B, and is a novel MBL that was identified in 2009 in a Swedish patient 

of Indian origin who travelled to New Delhi, India, and acquired a carbapenem-resistant 

K. pneumoniae infection 42. MBL enzymes exhibit tendency to have a broad-spectrum 

substrate profile. Biochemical characterization of protein structure of variant NDM-1 has 

shown that it has an expansive active site with a unique electrostatic profile that leads to 



50 

 

accommodation of a wide variety of substrate molecules 43. Furthermore, the protein also 

exhibits a molecular profile that allows for broad-spectrum antibiotic substrate binding 

and product release, hence conferring a bacterium with NDM its unique trait of exhibiting 

broad-spectrum antibiotic resistance 43.  

Since discovery, blaNDM-positive infections have been reported in nosocomial 

environments in numerous countries (including the United States, Canada, United 

Kingdom, Germany, Kenya, South Africa, Oman, Pakistan, Honk Kong, Japan, Australia 

and more) in all continents except Antarctica (Table 2.1). Besides the NDM-positive 

Enterobacteriaceae as shown in Table 2.1, blaNDM has also been detected in numerous, 

including virulent, bacterial species such as Acinetobacter spp., Aeromonas caviae, 

Enterobacter cloacae, Pseudomonas spp., and Vibrio cholera 44, 45, some of which are 

listed in Table 2.1. The encoding gene for blaNDM was initially detected in a 180-kb 

plasmid for K. pneumoniae and a 140-kb plasmid for E. coli, of which both were easily 

transferable and at a high frequency to susceptible E. coli J53 42. Since then, the gene has 

been found in plasmids of various sizes (~50–300 kb) that belonged to different 

incompatibility (Inc) groups (A/C, FI/FII) (Table 2.1). In 2011, a variant of NDM-1 

(designated NDM-2) that differed by a single amino acid was reported 46. In 2013, a 

review paper reported that a series of further variants (designated NDM-3 to NDM-7) 

have been reported on the Lahey Clinic beta-lactamase website 

(http://www.lahey.org/Studies/) 47. A subsequent search on the same database showed 

reports of NDM variants that include all the way to NDM-16, suggesting a rapid variation 

of NDM. 

http://www.lahey.org/Studies/
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In addition to the wide substrate range and the rapid variation of NDM, the problem 

arising from NDM is further aggravated by a number of complications. These 

complications include a lack of standard routine phenotypic tests for MBL detection 48.  

A commonly used approach as of now is the use of EDTA as a chelator of zinc to detect 

loss of MBL activity. Consequently, high prevalence of unrecognized asymptomatic 

carriers is probable, which would lead to an underestimation of the global dissemination 

of NDM-harboring bacteria. Given that the blaNDM gene is often encoded in plasmids that 

are of various types of 
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Table 2.1. List of blaNDM-carrying plasmids of various sizes, Incompatibility groups and co-resistance isolated in 

Enterobacteriaceae from different sources 

 

Country of 

Isolation 
Source 

Plasmid 

size (kb) 

Inc 

Group 

NDM 

variant 
Co-resistance* Reference 

Escherichia coli 

 Australia Clinical 50 Untypable NDM-1 NR 165 

 Canada Clinical 75 Untypable NDM-1 NR 166 

 Canada Clinical 129 A/C NDM-1 blaCMY-6 
167 

 Canada Clinical 130 A/C NDM-1 blaCMY-6; rmtC 168 

 China Clinical 50 Untypable NDM-1 NR 169 

 Denmark Clinical - A/C NDM-1 blaCMY-4; armA 170 

 France Clinical 120 FIA NDM-4 blaCTX-M-15; blaOXA-1; aacA4 171 

 France Clinical 150 A/C NDM-1 blaOXA-10; blaCMY-16 
172, 173 

 

France Clinical 110 F NDM-1 

blaOXA-1; and markers for 

kanamycin; gentamicin; 

tobramycin; trimethoprim; and 

sulfonamide resistance (genes 

not specified) 

173, 174 

 
Hong Kong Clinical 90 L/M NDM-1 

blaTEM-1; blaDHA-1; aacC2; 

armA; sul1; mel; mph2 
175 

 
India Clinical 120 F NDM-4 

armA; and resistance to all 

aminoglycosides 
173, 176 

 
India 

Community-

acquired 
87 FII NDM-1 

blaOXA-1; aacC2; aacC4; 

aadA2; dfrA12 
177 

 India Waste seepage 140 A/C NDM-1 NR 45 

 India Waste seepage 140 A/C NDM-1 NR 45 

 India Waste seepage 140 Untypable NDM-1 NR 45 

 

Japan Clinical 196 A/C NDM-1 

blaTEM-1; blaCMY-4; aadA2; 

armA; sul1; mel; mph2; 

dfrA12 

178 

 New Zealand Clinical >100 Untypable NDM-6 rmtC 179 
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 New Zealand Clinical >100 Untypable NDM-1 NR 179 

 New Zealand Clinical >100 Untypable NDM-1 NR 179 

 Poland Clinical 90 FII NDM-1 aacA4; aacC2 180 

 Saudi Arabia Wastewater 110 F NDM-1 rmtC; dhps 19 

 
Spain Clinical 300 HII NDM-1 

blaTEM-1; blaCTX-M-15; blaDHA-1; 

armA 
181 

 Switzerland Clinical 130 F NDM-1 blaTEM-1; armA 
182 

 UK Clinical >100 F NDM-5 aadA5; dfrA17; rmtB 183 

Klebsiella pneumoniae 

 Australia Clinical 70 Untypable NDM-1 blaCMY-6; aac-6`-1b; rmtC 184 

 Canada Clinical 102 A/C NDM-1 blaCMY-6 
167 

 Canada Clinical 120 FII NDM-1 NR   185 

 
Canada Clinical 150 A/C NDM-1 

blaSHV-12; armA 

 
185, 186 

 Canada Clinical 130 A/C NDM-1 blaCMY-6; rmtC 168 

 China Clinical 50 Untypable NDM-1 NR  169 

 Croatia Clinical - A/C NDM-1 blaCTX-M-15; blaCMY-16; qnrA6 187 

 France NR 150 Untypable NDM-1 rmtC 173 

 
France Clinical 270; 300 Untypable NDM-1 

blaCTX-M-15; blaOXA-1; aac(6`)-Ib-

like; armA; qnrB1 
188 

 France Clinical 100 Untypable NDM-1 NR 173, 189 

 Guatemala Clinical - Untypable NDM-1 blaSHV-12 
190 

 India Clinical 160 A/C NDM-1 NR 191 

 India Clinical 180 Untypable NDM-1 arr-2; ereC; aadA1; cmlA7 42 

 India Waste seepage 140 Untypable NDM-1 NR 45 

 Kenya Clinical 120 A/C2 NDM-1 rmtC 192 

 Mauritius Clinical 120 A/C NDM-1 blaCMY-6; rmtC 193 

 Morocco Clinical 250 Untypable NDM-1 blaCTX-M-15; blaOXA-1 
194 

 The Netherlands Clinical 70 II NDM-1 NR 195 

 New Zealand Clinical >100 Untypable NDM-1 NR 179 

 Oman Clinical 170 L/M NDM-1 armA 196 

 Oman Clinical 170 Untypable NDM-1 armA 196 
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South Korea Clinical 

50; 60; 70; 

100 
N NDM-1 NR 197 

 Spain Clinical 120 FIB NDM-1 NR 198 

 Switzerland Clinical 150 A/C NDM-1 rmtA 182 

 Switzerland Clinical 150 A/C NDM-1 blaOXA-10; blaCMY-16; qnrA6 182 

 Turkey Clinical 80 FIB NDM-1 rmtB 199 

Klebsiella oxytoca 

 Taiwan Clinical - Untypable NDM-1 armA; aacC2 200 

Citrobacter freundii 

 France Clinical 65 Untypable NDM-1 NR 201 

 India Waste seepage 140 A/C NDM-1 NR 45 

Proteus mirabilis 

 Switzerland Clinical 150 A/C NDM-1 blaOXA-10; blaCMY-16; armA 182 

Providencia stuartii 

 
Afghanistan Clinical 178 A/C NDM-1 

blaOXA-10; armA; sul1; qnrA1; 

aac(6`); cmlA7 
202 

Shigella boydii 

 India Waste seepage 250 Untypable NDM-1 NR 45 

*: Co-resistance indicates antibiotic resistance determinants reported in the same plasmid as the blaNDM gene. 

NR: not reported. 
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incompatibility classes, this indicates to the possibility of horizontal gene transfer among 

many different types of gram-negative bacteria. Moreover, the scarcity of available 

effective antibiotics poses challenges to treatment, hence indicating a higher risk of 

morbidity or mortality for patients who are infected by NDM-positive pathogens. 

 

2.4.2. New Delhi Metallo-beta-lactamase in wastewater 

The presence of blaNDM-positive isolates is not restricted to only nosocomial 

environment. Instead, blaNDM-positive isolates have also been isolated from non-

nosocomial environments. To illustrate, a K. pneumoniae carrying the blaNDM-1 gene was 

isolated from river water in Hanoi, Vietnam 49. Various reports also implicate 

wastewaters as reservoirs for bacterial isolates carrying blaNDM genes. Bacterial species 

carrying NDM have been isolated from waste seepage and tap water sampled from New 

Delhi, India city center and surrounding areas 45, and from untreated wastewater in 

Jeddah, Saudi Arabia 19.  

In one of these studies, in-depth genomic characterization of the blaNDM-positive E. coli 

that was isolated from wastewater influent showed that this bacterium possessed a mosaic 

of traits representative of different E. coli pathotypes 19. Furthermore, the isolate was 

demonstrated to internalize into mammalian cells, and has a genome encoding for various 

virulence traits. The non-chromosomal genome of this bacterium also includes at least 

one plasmid that encodes for the blaNDM gene, suggesting possible exchange of 

carbapenemase genes between this isolate with other competent recipients. Besides the 

presence of viable NDM-positive bacteria in wastewater, blaNDM-1 genes were also shown 

to be present at significant numbers in municipal wastewaters, which include wastewater 

discharged from hospitals.  Untreated hospital wastewater from two hospitals in 
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Singapore contained 2.29 x 106 gene copies/mL of blaNDM and 4.08 x 107, 1.25 x 106, and 

6.19 x 105 gene copies/mL, of genes blaKPC, blaCTX-M, and blaSHV, respectively 50. 

Another study that monitored blaNDM-1 numbers in raw wastewater entering a WWTP in 

Saudi Arabia reported 3.4 x 104 ± 2.3 x 104 copies/m3 19. Similarly, significant copy 

numbers of blaNDM-1 persisted through several treatment units (including disinfection by 

chlorination) in two WWTPs in northern China 39.  Levels present in the effluent 

discharged from both WWTPs were from 1.3 x 103 ± 2.3 x 102 to 1.4 x 103 ± 2.5 x 102 

copies/mL, representing a range of 4.4 to 93.2%, respectively, of influent levels. 

Collectively, the presence of viable NDM-positive bacteria and the ubiquitous detection 

of blaNDM genes reiterate causes for concern. This is especially in cases of wastewater 

release into the environment or application of these waters onto soils in agricultural 

settings. 

 

2.5. Fate and persistence of ARB and ARGs 

Although introduction of ARB and ARGs, particularly those that encode blaNDM genes, 

into soils via wastewater application might carry various risks, the full extent of the 

potential risks would need to be further elucidated by understanding the fate and 

persistence of these bacteria in the environment. Upon dissemination into the soil 

environment, ARGs can be adsorbed or degraded or taken up by competent cells. 

Similarly, ARBs can be adsorbed onto particulates or inactivated or internalized into 

other hosts. Hence, not all of the ARB and ARGs contributed by the wastewater into the 

soil matrix would remain available to impose potential public health risks. Conversely, if 

ARGs or ARB continue to persist or multiply in their copy numbers within the soil 
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environment, the risks would be potentially exponentially amplified. The following 

subsection aims to elaborate on these various scenarios.   

 

2.5.1. Horizontal gene transfer (HGT) 

Horizontal gene transfer, HGT, is a mechanism for exchange of genetic material that can 

occur via transformation (i.e., uptake of naked DNA by bacteria) or conjugation (i.e., 

transfer mediated by cell-to-cell junctions and a pore through which DNA can pass) 51. It 

is now widely recognized that HGT is a major mechanism of bacteria adaptation to 

clinical antibiotic concentrations. This is even more evident when considering that the 

most potent ARGs in pathogens are often encoded on mobile genetic elements 52-55. In the 

case of blaNDM genes, they are often found on plasmids belonging to different 

incompatibility groups that have a broad host range and can be replicated in different 

bacterial lineages (Table 2.1). The blaNDM genes are also often found on conjugative 

plasmids that possess all the genes required for their autonomous transfer 52, 56. Further 

highlighting the risk associated with HGT, many human pathogenic bacteria including 

representatives of the genera Campylobacter, Haemophilus, Helicobacter, Neisseria, 

Pseudomonas, Staphylococcus and Streptococcus are naturally transformable 57. Soil 

environments present a large genetic diversity at small spatial scale, and ample 

opportunities for cell-to-cell contacts, cellular movement or activity. Soil matrices are 

therefore considered to be hotspots conducive for the exchange of genetic materials 

through HGT. A review by Elsas and Bailey names the plant rhizosphere and plant tissue, 

phyllosphere, manured soil, guts of soil animals, aquatic sediments, sewage and sludge 

environments as some of the most prominent hotspots 58. Collectively, these 
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environmental compartments may contribute to ARG dissemination between bacteria and 

eventually acquisition by pathogens 52. 

 Natural transformation of naked DNA is dependent upon exposure of bacteria to 

extracellular DNA molecules in the environment. DNA can enter the environment 

through release from decomposing cells, disrupted cells and virus particles, or excreted 

from living cells 51. This extracellular DNA may (i) persist by binding to soil minerals 

and humic substances, (ii) be degraded by microbial DNases and used as a nutrient for 

plant and microbial growth, or (iii) be incorporated into a bacterial genome as a possible 

source of genetic instructions 59. Extracellular DNA ranges at approximately 0.03-1 µg 

per g of material in soil and sediments 60, 61, and in approximately 0.03 to 88 µg of 

dissolved DNA per liter of fresh and marine water 62, 63. Work estimating extracellular 

DNA in activated sludge found 4 to 52 mg per g of volatile suspended solids (VSS) in 

sludge collected from different wastewater treatment plants 64.  

In the environment, various factors can affect transformation and success rate of 

recombination for this available extracellular DNA. One is that DNA adsorption to soil 

matrix is influenced by soil characteristics such as concentration of humic substances, 

soil mineralogy, cation concentration and soil pH 59. Work by Nielsen et al. found that 

cell lysates persisted for up to 4 days after incubation in sterile soil, and remained 

accessible for uptake by competent Acinetobacter sp. during this period. However, 

transformation activity was limited to 4-8 h in non-sterile soil because of DNA 

degradation, loss of DNA stability with temperature, and because DNA no longer 

maintained by cellular repair mechanisms decays faster 65-67. Nielsen et al provides a 
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more detailed review of factors affecting stability of extracellular DNA 68, and readers of 

this chapter are encouraged to refer to that review paper for more details.  

DNA degradation can also take place, resulting in fragmentation of long DNA to shorter 

sizes of approximately 400 bp. GC content affect DNA degradation kinetics. For 

example, DNA from high-GC-content gram-positive Actinobacteria was found to persist 

longer in frozen soil than DNA from low-GC-content gram-positive Clostridiaceae 69. 

Although it has been acknowledged that long fragments may recombine more effectively 

compared to short linear DNA fragments of a few bp to less than 200 bp, such estimates 

may not be entirely accurate since recombination events resulting in nucleotide changes 

of only a few bp can be difficult to distinguish from genetic changes arising from 

sequential mutations. In this manner, HGT can hence be easily overlooked 70, 71. 

Additionally, integration of foreign DNA into genome is influenced by a number of 

factors including competent cells availability and sequence homology between genomic 

DNA and foreign strand. This is particularly so if one were to consider that 

recombination typically occurs between chromosomal DNA and sequence that is less 

than 25% divergent 72-76.  

Upon natural transformation, DNA may be integrated into the host’s chromosome. 

Foreign DNA in the cytoplasm that is not integrated is degraded quickly by nucleases and 

enters the internal DNA metabolism cycle since the salvaged nucleoside can be used for 

the synthesis of nucleotide at a lower ATP cost. Different bacteria have different rates of 

DNA internalization and success of integration. Under in-vitro conditions, DNA uptake 

occurred at rapid speeds of 100 bp per second and 60 bp per second in S. pneumoniae and 

A. baylyi competent bacteria, respectively 77, 78. Successful recombination of internalized 
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DNA, also under optimal in-vitro conditions, has been reported at 0.1% of internalized 

DNA in A. baylyi and up to 25-50% of internalized DNA in B. subtilis and S. pneumoniae 

77.  

Besides natural transformation, conjugative transfer is a process more specifically linked 

to plasmid acquisition. Plasmids are autonomously replicating genetic elements that can 

remove the need for a foreign gene to integrate into the recipient chromosome to become 

established 51. Plasmid conjugation depends on the hosts, and thus the fate of conjugative 

plasmids depends on host fitness, efficiency of transfer to new hosts, and selective 

advantages and disadvantages conferred by the plasmids 79, 80. Different plasmids also 

have different host ranges, with some exhibiting broader host range (e.g. IncA/C2, 

IncL/M, IncN, IncP, IncQ and IncW incompatibility group plasmids 81, 82) while others 

exhibit narrower host range (e.g. IncF, IncH, IncI and IncX 81, 83).  

Abiotic factors also affect conjugative plasmid transfer, and have been extensively 

reviewed by van Elsas et al 58, 79. As examples, extreme pH and temperature values are 

detrimental to cells, while the presence of nutrients in wastewater and soil might enhance 

bacterial donor’s activity. However, a study assessed conjugation in E. coli strains and 

found that conjugative plasmid transfer can take place within a wide range of conditions 

80. Conjugation was not affected in a wide range of pH (6-8.5), low nutrient levels (down 

to 1 mg of carbon per liter) and low temperatures (8 – 15 °C).  

 

2.5.2. HGT on plant surfaces 

Plant-associated bacteria have been observed frequently to form assemblages or biofilms. 

Biofilm formation can be due to passive processes like accumulation of bacterial cells as 
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water moves along plant surfaces, or due to active bacterial attachment and production of 

exopolymeric substances 84. An example is the genus Pseudomonas, which are ubiquitous 

in the terrestrial ecosystems, and are frequently found in association with plants 85. They 

aggregate at high cell densities, forming biofilms that are conducive for horizontal gene 

transfer and plasmid conjugation. Plant components like rhizosphere and phylloplane are 

hot spots for bacterial metabolic activity and HGT, as are other biofilm-supporting 

environments, with transconjugant to donor ratios (T/D) as high as 10–3 or even 10–1 for 

indigenous or foreign plasmids 58, 86. This is in contrast to bulk environments such as bulk 

water and bulk soil where plasmid transfer efficacy is lower (T/D <10-5) and usually 

requires nutrient enrichment 87. In other plant components, like the phytosphere, elevated 

transfer frequencies have generally been attributed to plant exudates stimulating bacterial 

metabolic activity 86, 87. These observations suggest a likelihood that ARGs, if present in 

the wastewater that is to be used for agricultural irrigation, can be horizontally transferred 

to other bacterium attached on plant surfaces, as well as in the soil matrix.  

To illustrate more specifically the potential risk from ARG presence in wastewater, the 

following analysis is presented. Past study has shown that the transformation frequency 

of antibiotic resistance ranged from 10-7 to 10-9 when approximately 5 µg of DNA were 

added to 1 cm3 of sediment203. Given the abundance of blaNDM-1 gene in WWTP 

discharge reported in China (approximately 1,374 copies per mL), and that blaNDM-1 

genes have been located on conjugative plasmids of size 126 kb (assumed average size 

based on E. coli and K. pneumoniae plasmids reported in Table 2.1), this would equate to 

an approximate amount of 0.19 pg/mL of extracellular plasmid DNA (based on 

Avogadro’s constant of 6.022 x 1023 g/molecule). Thus, this would mean that up to 52 m3 
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of treated wastewater would need to be irrigated in order to account for the required 

amount of DNA to cause a transformation frequency of 3 x 10-9 per cm3 of sediment.   

Hence, it is unlikely that a single event of reusing the treated wastewater would lead to 

any substantial concerns in terms of horizontal gene transfer. Even if the same plot of 

land is to be continuously exposed to treated wastewater, and if ARG continue to persist 

indefinitely and accumulate in the soils, this would equate to approximately less than one 

horizontal gene transfer event per cm3 of soil when conditions are favorable for 

transformation. This estimate is made on the basis of an estimated cell number of 108 

cells per g of soil 88. It is however to be pointed out that these calculated transformation 

events may not provide accurate estimate of the actual events as the assumed 

transformation rates did not take into account the variation in natural competence of 

different bacterial cells. Furthermore, it is likely that the transformation frequency may 

vary with different physicochemical factors like concentrations of ions, temperature, pH 

and natural organic matter content 57. Regardless, this estimation suggests that the 

contribution of ARGs by wastewater to agricultural soil may not be imposing that much 

of a concern, although it cannot be concluded whether the wide multitude of different 

types of ARGs in the same wastewater would collectively result in a concern or not. 

 

2.5.3. Internalization of pathogens 

Besides HGT of ARGs, pathogenic ARBs that may be present in the treated wastewater 

should also be assessed for their likelihood of internalizing into plants. There are various 

routes by which bacteria can enter plant tissues. Entry can occur through natural openings 

in the plant surface (stomata, lenticels, sites of lateral root emergence, etc.) and/or 
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through sites of biological or physical damage 89-91. Following closure of the guard cells, 

internalized bacteria can be protected from various sanitizers 92. Bacteria may also be 

passively carried into the plant tissue with water (e.g. water used to soak seeds, irrigate 

plants, or to wash produce crops following harvest) 93. Bacteria can also be recovered 

from above-ground portions of the plant following exposure of the roots to water 

containing the pathogen, indicating that the bacteria can be taken up through the roots 

and move within the plant 93.  

Bacteria of concern may actively infect and colonize plant tissues. It has been shown that 

certain plant pathogenic bacteria like Pantoea agglomerans and endophyte K. 

pneumoniae have been associated with opportunistic infections in animals, including 

humans 94. To illustrate further, recent studies on the plant pathogen Pectobacterium 

atrosepticum and the plant-associated Klebsiella pneumoniae were shown to share a 

remarkably high proportion of their genome with the human-pathogenic K. pneumoniae 

94-97. Many plant and animal pathogens share a common molecular mechanism, namely 

the Type III secretion system (TTSS), for attacking their host 93, 98, 99. Alternatively, 

wounding or destruction of living tissue in plants can be mediated by plant pathogen first, 

which in turn creates a microenvironment that is favorable to the survival and/or 

replication of human pathogens in the plant tissues. 

 Many studies have shown that both Salmonella spp. and E. coli O157:H7 can 

internalize within a variety of plant tissue types and that there are numerous factors that 

can influence the extent of internalization 93. Lettuce plants that were grown in manure 

amended with fluorescently marked E. coli O157:H7 were shown to harbor bacteria that 

had internalized into the plant tissue, including the edible parts of it 94, 100. Long-term 
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persistence of E. coli O157:H7 in fresh produce has been demonstrated with carrots and 

onions grown in artificially contaminated manure compost 101. This study showed that the 

bacteria could be detected from carrots for up to 12 weeks after initial application and in 

onions for up to 9 weeks. A similar study showed that S. enterica could be detected in 

tomato plants harvested 7 weeks after the seeds were sown in soil artificially 

contaminated with the bacteria 102. 

  

2.6. Intervention strategies needed 

Given that the presence of ARGs and ARBs in wastewater can be a potential cause of 

concern during long-term reuse events, this section aims to discuss several natural or low-

cost intervention strategies to reduce ARB and ARG presence in wastewaters. The known 

effect and limitations of sunlight radiation are discussed, and the idea of water 

augmentation by bacteriophage therapy to improve ARB reduction is visited. 

 

2.6.1. Solar inactivation 

The biocidal effect of sunlight is attributed to the UV portion of its irradiance 

(wavelength ranges of UV are: 400–315nm for UV-A; 315–280nm for UV-B; and 280–

100nm for UV-C 103) that can result in photo-degradation by direct or indirect 

mechanisms. In direct photoinactivation, components like microbial genome and proteins 

absorb shorter wavelengths of sunlight radiation, and subsequently degrade 104. Studies 

have shown that UV irradiation on growing Escherichia coli cultures results in DNA 

lesions where some of that light is absorbed by the pyrimidine rings of thymine and 

cytosine bases in the DNA. This leads to the formation of new bonds between adjacent 
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pyrimidine bases, forming pyrimidine dimers (pairs connected by covalent bonds) 103, 105. 

These dimers prevent base-pairing with the complementary purines on the other strand of 

DNA, which changes the shape of the DNA molecule, in turn making it difficult for 

polymerases to move through the region of the dimer. The end result is a transient block 

on the essential processes of replication and transcription 106. In indirect 

photoinactivation, endogenous (e.g. porphyrins, flavins, quinones, NADH/NADPH, and 

others 103, 107-110) or exogenous molecules (e.g. (humic substances and photosynthetic 

pigments like chlorophyll 103, 111-113) may absorb UV light and subsequently damage other 

cellular material through generation of reactive oxygen species (ROS, examples include 

singlet oxygen, hydroxyl radicals or alkyl peroxyl radicals) 114, 115. 

 The efficacy of solar photoinactivation on pathogenic waterborne bacteria and 

pathogen indicators has been variable in study reports. For instance, many studies found 

rapid inactivation of fecal indicator organisms within a few hours of exposure to natural 

sunlight, and it was reported that all of the classically defined waterborne pathogenic 

bacteria were readily amenable to 6 h of solar disinfection under suitable field conditions 

103, 116-119. But on the other hand, numerous studies also reported fecal coliforms showing 

much slower inactivation rates, and that some indicator bacteria remained detectable after 

a full day of sunlight exposure 120-125.  A study examined the use of effluent from a 

municipal WWTP, without and after solar disinfection, prior to its use as irrigation water 

for cultivated lettuce crops 126. The effluent was from secondary treatment, i.e., after 

receiving a standard biological treatment (activated sludge) followed by sedimentation in 

settling ponds. Results of inactivation assays showed that solar disinfection processes can 

reduce bacterial concentrations from >103-104 E. coli CFU /mL in real WWTP effluent to 
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<2 CFU/mL. Out of the 16 lettuce samples irrigated with untreated WWTP effluent (i.e., 

not treated with solar irradiation), 14 samples were contaminated and positive for the 

presence of E. coli 24 h after irrigation. On the other hand, out of 28 lettuce samples 

irrigated with solar-disinfected WWTP effluent, only two samples were positive, 

confirming improved safety of irrigation practices due to solar treatment.  Positive 

presence of E. coli for one of the two lettuce samples was tracked back to a highly 

contaminated WWTP effluent with an initial E. coli concentration of 1.3x104 CFU/mL 

vs. 2.4-3.8x103 CFU/mL in all other wastewater samples. The other positive sample is 

speculated to have had incomplete inactivation and/or microbial regrowth, as the 

wastewater effluent still contained organic carbon and nutrients that can be assimilated to 

allow for bacterial survival and replication during dark storage. Another study examined 

the effect of solar disinfection on two antibiotic-resistant E. coli isolates from a WWTP 

effluent 127. The inactivation rate observed during solar radiation test for both E. coli 

strains investigated, namely 60% and 40% removal after 180 min of irradiation, was quite 

low compared to previous works on similar inactivation of E. coli in confined systems 128, 

129. The differences might be explained by variation in experimental design, but more 

importantly, the antibiotic-resistant E. coli strains may have characteristics that affected 

their resistance to photo-inactivation, resulting in a lower inactivation rate. 

 In regards to the effect of solar-disinfection on ARGs, information on their 

inactivation kinetics upon exposure to solar irradiance is lacking, and this knowledge gap 

requires more in-depth and systematic future studies. Most available literature explores 

the use of UV-disinfection to reduce ARG loads within WWTPs. For example, one of the 

early studies was performed by McKinney and Pruden to explore the use of UV to 
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dimerize ARGs, with the intention of first inactivating these genes prior to their discharge 

130. Their findings revealed that this would require UV doses that are at least 1 order of 

magnitude higher than those required for inactivation of the associated host bacterial 

cells. Generally, about 200–400 mJ/cm2 of UV dosage is required to result in 3–4 log 

damage to ARG. This UV dosage is slightly higher than the highest recommended UV 

dose of 186 mJ/cm2 to achieve 4-log removal and/or inactivation of viruses 131. The study 

also found that certain ARGs like tetA and ampC were significantly harder to inactivate 

than mecA and vanA. To illustrate, a UV dose of 186 mJ/cm2 would only achieve an 

inactivation of 1–2 log for tetA and ampC, while the same dose would have inactivated 

mecA and vanA by 3–4 log.  

The inefficacy in reducing ARGs by UV is repeatedly shown in other studies. To 

illustrate, an independent study assessed ARG removal by UV (with UV transmittance of 

45%, total power of 900 kW, and light intensity > 100 mJ/cm2) in a WWTP using 

advanced treatment systems, and found no apparent decrease in tetM, tetO, tetQ, tetW, 

sul1, sul2 and intl1 genes in total extracted DNA from treated waste samples 132. In 

another study that used UV fluence of up to 249.5 mJ/cm2 on secondary-treated 

municipal wastewater effluent samples, only 0.58-log removal of tetX gene was observed, 

with a less effective removal (at 0.36-0.4-log) of sul1, tetG and intl1 genes 133. Yet 

another study that assessed UV/H2O2 advanced oxidation processes for disinfection of 

sterile water spiked with blaTEM gene-carrying E. coli found that the treatment could 

inactivate the tested antibiotic-resistant E. coli strain, but did not significantly change the 

copy number per mL of blaTEM gene 134. All these studies were in contrast with a study 

that assessed the effect of UV on secondary-treated municipal wastewater effluent 
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samples and surprisingly found 3- and 1.9-log reduction of erythromycin and tetracycline 

resistance genes, respectively, by the time 5 mJ/cm2 fluence is reached 135. Another study 

found that UV/H2O2 disinfection achieved a reduction of 2.8–3.5 logs in copy numbers of 

sul1, tetX, and tetG from secondary-treated municipal wastewater effluent 136. Little 

explanation was offered for these discrepancies in literature, and comparisons are made 

harder due to the differences in experimental designs, UV sources, tested water matrices 

and ARB/ARGs.  

 In application, the efficacy of solar photoinactivation can be subjected to various 

factors. These factors include atmospheric conditions like water vapor, CO2, ozone and 

oxygen, in addition to pollutants in the atmosphere, which can scatter and absorb various 

portions of the light 103. Water quality parameters can have a big influence on efficacy of 

solar disinfection in water bodies with turbidity being one of the important factors, and 

dissolved solids such as iron can absorb UV light and decrease the UV transmittance 137. 

Exogenous photosensitizers naturally present in surface waters include humic acids and 

chlorophyll, both of which can absorb sunlight and then react with oxygen to produce 

ROS 103, 111, 112. Organic and inorganic matter present in water bodies can cause bacterial 

growth instead of inactivation 103, or may generate ROS upon sunlight irradiation 127, 138. 

Water salinity and alkalinity also play a role in the end efficacy of solar irradiation. The 

presence of ions may help to retain bacterial integrity, and if ions are present in high 

concentrations, they could have a limiting effect on photo-inactivation. To illustrate, UV-

A mediates its biological effects on bacteria by ROS like hydrogen peroxide and 

hydroxyl radicals. If bicarbonates HCO3
− are present in water, they react with hydroxyl 

radicals producing CO3
•−, which has a slower reaction with organic molecules when 
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compared to •O 103, 139. Also, HCO3
− induces photo-absorption, which limits the amount 

of light reaching bacteria in water. Other anions such as phosphates, chloride and 

sulphates are shown to be absorbed by bacteria but do not illicit a direct effect on solar 

inactivation unless in the presence of a photo-catalyst such as titanium dioxide 103.  

The total irradiance dose received by the bacteria influence the extent of 

photoinactivation damage, and there is evidence that the rate at which that dose is 

delivered is an equally important factor. Additionally, different portions of UV light also 

have different effects. UV-A radiation wavelengths bordering on visible light are not 

sufficiently energetic to directly modify DNA bases, but are able to induce cellular 

membrane damage through the production of reactive oxygen species 103, 127, 140. UV-B 

and UV-C are the more germicidal portions of UV light and represent the most genotoxic 

wavebands of solar radiation reaching the Earth’s surface, causing direct DNA damage 

by inducing the formation of DNA photoproducts 127, 141 as well as indirectly through 

photosensitization processes 115, 142, 143.  

Lastly, bacteria may differ in their response to solar irradiance and their capacity to 

combat its effects. For example, bacteria with larger genome sizes were observed to be 

more susceptible to UV damage, presumably because larger genomes offered more sites 

for UV damage 144. 

 

2.6.2. Bacteriophages 

A potential strategy that might be augmented into existing systems to alleviate ARB and 

ARG load is the use of bacteriophages as control agents. Bacteriophages are viruses that 

infect and lyse bacteria, and are categorized into virulent (or lytic) or temperate 
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(lysogenic) bacteriophages 145. The two categories of viruses differ in their life cycles. 

During lytic infection, virulent phages inject their nucleic acid into the host cell after 

attachment. Expression of the phage genome directs the cellular machinery of the host to 

synthesize new phage capsule material. The resulting phage progeny are released by fatal 

cell lysis, enabling the lytic cycle to continue as new cells are infected. In contrast, during 

lysogenic infection, temperate phages’ nucleic acid recombines with the host cell genome 

forming a dormant endogenous phage (known as a prophage). The prophage is 

reproduced in the host cell line and confers immunity from infection, and remains 

dormant until host conditions deteriorate, perhaps due to depletion of nutrients. 

Subsequently, the prophages become active. At this point, they initiate the reproductive 

cycle, resulting in lysis of the host cell 146. Bacteriophages, or phages for short, have 

several characteristics that make them attractive options as therapeutic agents or agents of 

biocontrol 147. Such characteristics include their effectiveness in killing their target 

bacteria (i.e., host specificity), adaptability, natural residence in the environment and the 

fact that they are self-replicating and self-limiting 147-149. 

 Bacteriophages can be isolated from the environment. However, bacteriophage 

isolation is a time-consuming process, and it may be difficult to isolate the desired 

bacteriophages that demonstrate the right host specificity. Furthermore, bacteria may 

become desensitized to the isolated phages after long-term exposure, and would require 

repetition of the entire isolation process.  

Alternatively, new synthetic phages can be programmed and used. Synthetic phages offer 

a powerful advantage in their potential to specifically target certain ARB of concern, 

functioning to sensitize bacteria to antibiotics and selectively killing ARB. A proof-of-
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concept study utilized temperate phages to deliver a functional CRISPR-associated (Cas) 

system, otherwise known as interspaced short palindromic repeats that are clustered 

regularly, into the genome of ARB 150. The delivered CRISPR-Cas system destroyed 

antibiotic resistance-conferring plasmids via sequence-targeting DNA cleavage. In 

addition, the CRISPR-Cas system genetically modified lytic phages to kill only 

antibiotic-resistant bacteria while protecting antibiotic-sensitized bacteria.  This linkage 

between antibiotic sensitization and protection from lytic phages was a key feature of the 

tested strategy. 

 Currently, phage treatment is utilized in a number of ways. Most notably, phage 

therapy is applied in medical settings for the treatment of ARB infections, in veterinary 

settings for the treatment and prevention of infections in animals, as well as for the 

treatment of plants 151, 152. Other examples demonstrating the use of bacteriophages on 

larger scale include phage application for treatment and preservation of foods, phage 

treatment of aquaculture and fish, and in wastewater treatment 145, 153-155. When applied to 

wastewater treatment processes, phages have been proposed as an eco-friendly tool to 

control the abundance of filamentous bacteria, which pose bulking and foaming problems 

in wastewater activated sludge process (ASP) systems 145, 156-163. During ASP for sewage 

treatment, sludge settles in tanks and the supernatant is drained off for further 

purification. This process is detrimentally affected by filamentous microbes, which 

because of their filamentous morphologies, have high surface area and low density, hence 

impeding settleability of biomass 145.  Sphaerotilus natans, a filamentous bacteria, was 

targeted by specific phages isolated from sewage 164. Phage application was observed to 

reduce sludge volume and produced clearer supernatant after 12 h. In addition, the phages 
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remained stable and active for over 9 months and tolerated temperature and pH 

fluctuations common to activated sludge processes 149. 

Regardless of the potentially promising results, the application of phages in wastewater 

treatment systems for control of ARB and ARGs is still in need of systematic and in-

depth experimentation. Some of the challenges and obstacles in utilizing phage in 

wastewater treatment and/or application in a field scale are: (i) high concentrations of 

phages must be used for a successful application; (ii) use of polyvalent phages with 

broader host range could lead to the degradation of useful bacterial populations (e.g. 

nitrifying populations, phosphate accumulating bacteria etc); (iii) specific phages must be 

identified by WWTP operators to target specific undesired bacterial populations; (iv) 

microbial analysis of the system is a prerequisite to phage application as the bacterial 

population may vary between wastewater treatment plants 149. As of now, there are no 

studies demonstrating successful phage application directly into the agricultural soil 

and/or in combination with other intervention strategies. Therefore it is likely that some 

other unique factors such as pH, temperature, multiplicity of infection (MOI, ratio of 

phage to bacterial particles), decay rates under solar irradiation and so on, could affect 

efficacies of bacteriophages in agricultural settings and would require further 

examination.  

 

2.7. Concluding statement 

This chapter discussed the native and introduced resistomes of natural environments. Soil 

environments are rich natural reservoirs of ARGs, and are the source of many clinically 

relevant ARGs today, including undiscovered ARGs that may impose new health threats. 
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Soils often receive high inputs of clinically relevant ARGs through manure and reused 

wastewater application. These ARGs, including novel ARGs of pressing concern such as 

the blaNDM genes/plasmids, confer a wide range of antibiotic resistance, persist through 

WWTP schematics, and accumulate in soil environments. As soil and wastewater 

environments are conducive matrices for microbial interaction and horizontal gene 

transfer, the potential of ARG transfer to new and pathogenic bacteria poses great risks, 

and intervention strategies are necessary. Solar inactivation is a naturally available 

resource that has been shown to reduce the numbers of ARB in water bodies, and can be 

further exploited to disinfect treated wastewater before irrigation. However, sunlight 

alone is much less effective in ARG removal, and bacteriophages offer a novel potential 

strategy to specifically target certain ARB and ARGs in water bodies. This tool still faces 

many obstacles before it can be applied effectively, and further investigation is required. 
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Chapter 3 

Inactivation and gene expression of a virulent wastewater Escherichia coli strain 

and the non-virulent commensal Escherichia coli DSM1103 strain upon solar 

irradiation 
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3. Inactivation and gene expression of a virulent wastewater 

Escherichia coli strain and the non-virulent commensal Escherichia 

coli DSM1103 strain upon solar irradiation 

 

Abstract 

This study examined the decay kinetics and molecular responses of two E. coli strains 

upon solar irradiation. The first is E. coli PI-7, a virulent and antibiotic-resistant strain 

that was isolated from wastewater and carries the emerging NDM-1 antibiotic resistance 

gene. The other strain, E. coli DSM1103, displayed lower virulence and antibiotic 

resistance than E. coli PI-7. In a buffer solution, E. coli PI-7 displayed a longer lag phase 

prior to decay and a longer half-life compared with E. coli DSM1103 (6.64 ± 0.63 h and 

2.85 ± 0.46 min vs. 1.33 ± 0.52 h and 2.04 ± 0.36 min). In wastewater, both E. coli 

strains decayed slower than they did in buffer. Although solar irradiation remained 

effective in reducing the numbers of both strains by more than 5-log10 in < 24 h, 

comparative genomics and transcriptomics revealed differences in the genomes and 

overall regulation of genes between the two E. coli. A wider arsenal of genes related to 

oxidative stress, cellular repair and protective mechanisms were upregulated in E. coli PI-

7. Subpopulations of E. coli PI-7 expressed genes related to dormancy and persister cell 

formation during the late decay phase, which may have accounted for its prolonged 

persistence. Upon prolonged solar irradiation, both E. coli strains displayed upregulation 

of genes related to horizontal gene transfer and antibiotic resistance. Virulence functions 

unique to E. coli PI-7 were also upregulated. Our findings collectively indicated that, 

while solar irradiation is able to reduce total cell numbers, viable E. coli remained and 
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expressed genes that enable survival despite solar treatment. There remains a need for 

heightened levels of concern regarding risks arising from the dissemination of E. coli that 

may remain viable in wastewater after solar irradiation.  
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3.1. Introduction 

Untreated municipal wastewater and wastewater treatment plants, with their abundance 

of nutrients, high bacterial numbers and sublethal levels of antibiotics, are considered 

favorable for both the survival of antibiotic-resistant bacteria (ARB) and the horizontal 

transfer of bacterial resistance genes. Collectively, wastewater is implicated as a key 

player in the creation of superbugs and the dissemination of these emerging contaminants 

1, 2. The release of antibiotic-resistant organisms through wastewater effluents has 

previously been reported 3-5. In an investigation of the performance of a conventional 

wastewater treatment plant using the activated sludge process as secondary treatment and 

chlorination as tertiary treatment, it was found that only 2.8% of 72 isolates that remained 

viable in the chlorinated effluent were susceptible to all 8 tested antibiotics, while 27.8% 

were resistant to 5 or more antibiotics 4. A separate study also reported that an antibiotic-

resistant E. coli strain was not effectively eliminated by the wastewater treatment process 

and that E. coli resistant to cefotaxime, ciprofloxacin and cefoxitin were present in the 

final treated effluent 3.  

Among the ARB increasingly being identified as present in wastewater are bacteria 

carrying genes coding for carbapenemases, specifically the New Delhi metallo-β-

lactamase (NDM). The spread of mobile carbapenemases among bacterial pathogens is of 

great concern, not only because these enzymes confer resistance to carbapenems and 

other β-lactam antibiotics but also because of the evident ease of mobility of this 

resistance. NDM-harboring bacteria typically have broad resistance to multiple other 

antibiotic classes, leaving very few treatment options available 6-9. Although such 
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bacteria are mainly detected in clinical settings, there have been numerous reports of 

community-acquired infections from NDM-harboring opportunistic pathogens 6, 10 as well 

as reports on the presence of blaNDM genes and NDM-harboring bacteria in urban 

wastewater 7, 11. For example, blaNDM-1 genes, one variant of the blaNDM gene family, 

were consistently detected throughout the different treatment stages, including 

chlorinated effluent, in two wastewater treatment plants (WWTPs) in northern China 11. 

These findings implicating wastewater as a source of NDM-harboring bacteria and 

blaNDM genes exacerbate the potential risks associated with the reuse of wastewater. This 

is of particular relevance in countries such as Saudi Arabia where the pressure on water 

sources is high due to water scarcity, and there are plans to employ treated wastewater to 

alleviate considerable portions of this water-scarcity pressure 12. In addition to the earlier 

studies, an E. coli strain named E. coli PI-7, that displays resistance to a wide range of 

antibiotics was isolated from the influent stream of a WWTP in Jeddah, Saudi Arabia 13. 

Upon further investigation, it was found that this isolate carries the blaNDM-1 gene on a 

plasmid that, based on sequence comparisons, is thought to have been horizontally 

acquired from a Klebsiella oxytoca isolate 14. Moreover, genomic islands associated with 

pathogenicity have been found in E. coli PI-7, suggesting that this strain is a potential 

pathogen that remains viable in the sanitary infrastructure. 

To clarify to what extent the presence of such virulent ARB in treated wastewater would 

pose a risk to public health during reuse events, it is key to understand the fate and 

persistence of this emerging microbial contaminant. An example would be to understand 

the effect of solar irradiation as a biocidal barrier to dissemination of ARB in the 

environment. Studies on the efficacy of solar photo-inactivation on pathogenic 
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waterborne bacteria and pathogen-indicators have reported variable findings. Many 

studies found rapid inactivation of fecal indicator organisms within a few hours’ exposure 

to natural sunlight, and it is reported that all of the classically defined waterborne 

pathogenic bacteria have been found to be readily susceptible to 6 h of solar disinfection 

under suitable field conditions 15-19. However, numerous studies also report that in certain 

instances, naturally occurring fecal coliforms have shown much slower inactivation rates, 

and indicator bacteria may still remain detectable after a full day’s sunlight exposure 20-25. 

In particular, subpopulations of E. coli were found to be light-resistant and persisted for a 

longer period of time upon solar irradiation 16.  

Although these studies demonstrate the decay kinetics of pathogenic waterborne bacteria 

and pathogen indicators, information is lacking on the effect of solar photoinactivation on 

ARBs, their fate and persistence, and their response at the molecular level. This study 

examines the decay kinetics of the emerging contaminant E. coli PI-7, a virulent 

antibiotic-resistant (carrying the concerning blaNDM-1 gene) wastewater strain, upon solar 

irradiation in buffer and wastewater matrices to provide understanding on its fate and 

persistence upon dissemination into the natural environment. The non-virulent and less 

antibiotic-resistant commensal E. coli isolate DSM1103 was also examined for its decay 

kinetics upon solar irradiation. The gene expression profiles of both isolates, which 

possess different genomic content, over an increasing duration of exposure to simulated 

solar irradiance were mapped by transcriptomics. This study serves to elucidate the 

protective genetic mechanisms expressed by both isolates against the biocidal effect of 

solar irradiation and to assess the expression of concerning traits such as those related to 

virulence, horizontal gene transfer and antibiotic resistance mechanisms. 
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3.2. Materials and methods 

3.2.1. Bacterial isolates and genome characteristics 

E. coli DSM1103 (also known as ATCC25922) and E. coli strain PI-7, isolated from the 

influent stream of a WWTP in Jeddah, Saudi Arabia 13, were studied for their inactivation 

kinetics upon solar irradiation. A summarized comparison of the genomes of both isolates 

is provided in Table 3.1. Briefly, E. coli PI-7 was resistant to a wide spectrum of 

antibiotics (e.g., gentamicin, ampicillin, kanamycin, ceftazidime and sulfamethoxazole-

trimethoprim, chloramphenicol and erythromycin, tetracycline and carbapenem) and 

carries the blaNDM-1 gene on a 110 kbp plasmid of incompatibility group IncF. E. coli PI-7 

was also identified to contain genomic islands associated with pathogenicity (e.g., 

colonization factor antigen I fimbriae, two intimin-like proteins associated with EHEC 

(Enterohemorrhagic E. coli) and EPEC (Enteropathogenic E. coli) pathogens, type III 

secretion system), and demonstrated in vitro cell invasiveness. E. coli DSM1103 was 

originally isolated from a human clinical sample collected in Seattle, WA (1946). 

Genomic characterization of E. coli DSM1103 did not reveal as wide a repertoire of 

virulence-associated traits and antibiotic resistance genes as E. coli PI-7 28. Furthermore, 

E. coli DSM1103 is a recommended quality control strain for disc susceptibility testing 

and demonstrates susceptibility to a wide variety of antibiotics 

(http://www.atcc.org/products/all/25922.aspx).  

 

3.2.2. Wastewater collection and quality testing 

Wastewater samples were collected from the WWTP at KAUST, Saudi Arabia. The 

WWTP is equipped with the following process units: (i) a grid mesh screen to remove 

http://www.atcc.org/products/all/25922.aspx)
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Table 3.1. Summary of sequence- and function-based genome comparisons between E. 

coli PI-7 and DSM1103. 

Isolate PI-7 a DSM1103 b 

Genome Not closed (6 contigs) Closed 

Genome size 4.73 Mb 5.20 Mb 

Plasmids 

 

 

 

>1 plasmid 

- 110,768 bp, (not closed), 

carries NDM-1 gene 

- Probable second plasmid, 

best match pkoxR1 

2 plasmids 

- 48,488 bp 

- 24,185 bp 

 

 

Total number of 

annotated genes * 4,471 4,808 

Number of core 

gene sequences * 

3971 PI-7 gene sequences have a match in DSM 1103. 

4139 DSM 1103 gene sequences have a match in PI-7. 

Number of unique 

gene sequences * 
489 910 

Number of core 

annotated functions * 
3860 functions are shared between both isolates. 

Number of unique 

annotated functions * 
155 185 

 
a: E. coli PI-7’s genome reference 10. 
b: E. coli DSM1103’s full genome reference 28. 
*: Numbers of annotated genes, gene sequences and functions were obtained through 

comparisons performed using RAST 26, 27. 

 

 

bulky items in the incoming wastewater stream, (ii) a primary clarifier, (iii) an anoxic-

oxic activated sludge tank, (iv) an aerobic membrane bioreactor (MBR), and (v) a 

holding tank for chlorination. Twenty liters of effluent was collected after the aerobic 

MBR, and the same volume of chlorinated effluent was collected from the holding tank. 
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Both effluent types had a turbidity of approximately 1.7 NTU throughout the sampling 

period. To further reduce turbidity and to remove bacteria, both wastewater samples were 

vacuum-filtered through 0.2 µm polycarbonate membrane filters (GE Healthcare Life 

Sciences, Little Chalfont, Buckinghamshire, UK) in the laboratory on the day of the 

collection and were thereafter stored in sterile glass bottles at 4°C until use. A number of 

water quality parameters including pH, chemical oxygen demand (COD), total dissolved 

organic carbon (DOC), total nitrogen (TN), specific ultraviolet absorbance (SUVA), 

alkalinity (reported as mg CaCO3/L) and residual chlorine were measured as detailed in 

3.2.3.   

 

3.2.3. Water quality testing 

COD was measured using LCK 314 (15-150 mg/L) cuvette test vials based on protocols 

specified by the manufacturer (Hach-Lange, Manchester, UL). Concentrations of DOC 

and TN were measured by the high-temperature catalytic oxidation (HTCO) method 

using a commercially available automatic TOC-VCPH analyzer with a TNM-1 add-on 

(Shimadzu, Japan), following the methodology recommended by Shimadzu. The SUVA 

(in L/mg-M) was calculated by dividing the UV absorbance at 254 nm of the sample (in 

cm-1) by the DOC (in mg/L) of the sample and then multiplying by 100 cm/M.  Alkalinity 

was measured based on standard method 2320. Total chlorine concentration in 

chlorinated effluent samples was determined using the DPD/KI (N, N-diethyl-p-

phenylenediamine/potassium iodide) colorimetric standard method 4500-CI G 29. 
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3.2.4. Solar inactivation experiments 

Bacterial isolates were streaked onto nutrient agar (Sigma–Aldrich, Buchs, Switzerland) 

plates for E. coli DSM 1103, and nutrient agar plates supplemented with 8 µg/mL 

meropenem for E. coli PI-7 in order to maintain selective pressure to prevent loss of the 

blaNDM-1-containing plasmid. Pure colonies of E. coli PI-7 and E. coli DSM 1103 were 

picked and inoculated into the corresponding nutrient with and without meropenem, 

respectively. Liquid cultures were incubated at 37 °C to obtain a bacterial culture at the 

late exponential growth phase and with an optical density at 600 nm of close to 1.0. Cells 

were washed three times with 1 mM NaHCO3, and were then resuspended in 1X 

phosphate buffered saline, PBS (Thermo Fisher Scientific, CA, USA). In the case of solar 

inactivation trials in wastewater, effluent or chlorinated effluent that was filtered through 

0.2 µm polycarbonate membranes was used in place of 1X PBS. Homogenous 

suspensions of either E. coli DSM 1103 or PI-7 were then split into 80 mL portions over 

a number of microcosms. Microcosms used for the experiments were made from 100 mL 

glass beakers wrapped in black scotch tape to prevent unwanted light penetration. Each 

microcosm contained a magnetic stir bar and the top was either covered with aluminum 

foil in the case of dark controls, or with a glass filter (Newport Corporation, Irvine, CA) 

that allows light wavelengths ≥ 280 nm to pass through. Solar exposure was conducted in 

an Atlas Suntest ® XLS+ photosimulator (Chicago, IL) equipped with a xenon arc lamp. 

The solar irradiation intensity was measured by Spectroradiometer ILT950 (International 

Light Technologies, Peabody, MA, USA) and shown in Figure 3.1. The UV irradiance 

provided by the photosimulator approximates to the irradiance measurements of direct 
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and indirect (shaded) noon sunlight that were measured in the KAUST campus during the 

month of December 2015. 

 

Figure 3.1. Solar simulator validation. 

 

Solar irradiance was measured at noon during December 2015 in king Abdullah 

University of Science and Technology, Saudi Arabia. Irradiance was measured in two 

spots in a parking lot under direct sunlight, and four spots in plant shade. The table 

shows total irradiance (in Watts/m2/h) for environmental and simulated sunlight.   

 

3.2.5. Decay kinetics upon solar inactivation  

The number of colony forming units (CFU)/mL in the experimental microcosms was 

quantified over time. The results were converted to log10 and natural log (ln) curves of the 

CFU/mL obtained at each sampling time divided by the initial CFU0/mL (i.e., 

log10(CFU/CFU0) or ln(CFU/CFU0)) and plotted against time to obtain the inactivation 

curves. The slopes (k) of dark control and irradiated sample inactivation curves were 

calculated from the ln curves, with the following caveat: in cases where the length of lag 

prior to decay phase was longer than 2 h, the curve was considered to be bi-modal and the 

lag-phase data points were excluded from the slope calculation. The attenuation of light 

Figure. Solar simulator validation. Solar irradiance was measured at noon during December
2015 in King Abdullah University of Science and Technology, Saudi Arabia. Irradiance was
measured in two spots under direct sunlight, and four spots in the shade.
Table shows total irradiance (in Watts/m2/h) for environmental and simulated solar
irradiation.
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penetration into the microcosms due to sample turbidity was mathematically corrected for 

as described previously 29, 30. Briefly, prior to each simulated solar inactivation trial, a 

sample from each microcosm was taken, and its absorbance at 280-700 nm was measured 

using a UV-3600 UV-Vis spectrometer (Shimadzu, Kyoto, Japan). The readings were 

used to generate correction factors that were applied to the slopes of the decay curves 

prior to half-life calculations and statistical comparisons, which were conducted as 

described in 3.2.6. The half-lives for each experiment, or the durations needed to reduce 

the bacterial concentration by half, were calculated using the first-order decay kinetics 

equation: 

ln(CFUt/CFU0)=-k*t 

where k* is the corrected slope of the inactivation curve and t is time. 

 

3.2.6. Statistical comparisons of inactivation curves 

Statistical analyses were performed using Minitab version 1.4.0. One-way ANOVA was 

performed to compare the lengths of lag-phases, the corrected decay constants and the 

half-life values of the different experimental conditions and isolates. Single-regression 

analysis was performed to compare each slope to 0 at α = 0.05 so as to determine if 

inactivation or persistence is observed. Multiple-regression analysis was also performed 

on decay curves from each experimental batch to determine if control and irradiated 

samples were significantly different within and between groups (α =0.05). Lag-phase 

length and half-life were not analyzed for dark control samples due to the lack of decay in 

these samples. 
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3.2.7. RNA-seq sampling 

RNA-seq was performed to provide comparative analysis of gene expression. Samples 

were taken at five points for E. coli PI-7 to capture the gene expression at different 

phases of the bacterial CFU inactivation curves, namely, (i) prior to solar irradiation (0 h) 

and during the (ii) mid-lag phase (3 h), as well as the (iii) early (6.5 h), (iv) mid- (9 h) 

and (v) late decay (14.5 h) phase. A similar approach was performed for E. coli 

DSM1103 at four sampling points, capturing the gene expression of cultures (i) prior to 

solar irradiation (0 h) and during the (ii) early (2 h), (iii) mid- (3.5 h) and (iv) late decay 

(6.5 h) phase. Although the exposure duration is different for the two strains, the main 

intention was to capture the expression profiles at different stages of each isolate’s 

inactivation based on viable cell numbers in accordance with the decay kinetics observed 

in Figure 3.2. For each E. coli strain, two solar inactivation experiments were 

independently conducted for RNA sampling to obtain two biological replicates and two 

technical replicates at each sampling point. Methods of RNA extraction and sequencing 

are described in 3.2.8. 

 

3.2.8. RNA extraction and sequencing 

Sample volumes varying between 1 to 4 mL were taken from the experimental 

microcosms and then centrifuged at 10,000 g for 10 minutes at room temperature. The 

pellets were resuspended in 1 mL of RNAProtect® preservation reagent (Qiagen, Hilden, 

Germany) and then preserved at 4 °C until RNA extraction. The total RNA was extracted 

using the RNeasy Mini kit (Qiagen, Hilden, Germany) with the on-column DNase 

treatment. The RNA was eluted with RNase-free water and RNA quality was determined 
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using 2200 Tapestation Bioanalyzer (Agilent Technologies, Santa Clara, CA). All 

samples that passed the quality control were submitted to KAUST Genomics Core lab for 

RNA-Seq on Illumina HiSeq platform. Prior to sequencing, the bacterial ribosomal RNA 

was removed from 1 µg of total RNA using the Ribo Zero rRNA removal kit (Illumina, 

San Diego, CA, USA). The enriched mRNA fraction was converted to RNA-seq libraries 

compatible for runs on Illumina HiSeq platforms based on protocols described by 

manufacturer. Fastq files were generated and demultiplexed by KAUST Bioinformatics 

core lab. 

 

3.2.9. RNA-seq analysis 

The RNA-seq data were analyzed using CLC Genomics Workbench version 8.0.1 from 

CLC Bio (Cambridge, MA), as described previously31. All transcriptomic sequences 

associated with E. coli PI-7 and E. coli DSM1103 are available on the ENA SRA public 

depository under accession numbers PRJEB13897 and PRJEB13888, respectively. For 

reference genome sequences, the published annotated sequences were used for E. coli 

DSM1103 28 and genomic DNA sequences annotated using RAST were used for E. coli 

PI-7 10. RNA-seq reads were mapped onto the reference sequences using CLC. Reads 

were only assembled if the fraction of read that aligned to the reference genome was 

greater than 0.9 and if the read matched other regions of the reference genome at fewer 

than 10 nucleotide positions. Summarized RNA-seq mapping results for both strains are 

shown in Table A.1 and A.2. The percentage of reads mapped to the genome for each 

isolate was always 85% or higher (Table A.1 and A.2), indicating good read quality and 

no significant contamination of the samples. Average percentages of reads mapped to 
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CDS (coding sequence) at each phase were significantly lower than reads mapped to the 

genome in both E. coli, which may indicate expression of unidentified/non-annotated 

genes, especially with PI-7’s genome not being closed. The percentage of RNA reads that 

mapped to coding sequence decreased over increasing duration of exposure to irradiance. 

This might have been a result of accumulation of irradiance-incurred damage to the 

genomes and transcripts. Bacterial expression of non-coding sequences and regulatory 

RNAs (which have been reported to be induced under some stress conditions and to play 

a role in activation/repression of membrane, membrane transport, cell division and 

sporulation functions 66, 67) may partially explain the low read coverage of CDS regions, 

although it is unlikely that it would account for a majority of the percentage of non-CDS 

reads. 

The RNA-seq output files were analyzed for statistical significance, separately for each 

of the two experimental batches for each E. coli, based on the proportion-based test 

described by Baggerly et al. 31. Gene expression levels in irradiated samples were 

compared with their respective dark controls at each time point for each experimental 

batch. Change in expression level was taken into consideration if it was statistically 

significant (p-value <0.05), and showed ≥ 2-fold change consistently in both biological 

replicates. Afterwards, CLC was used again to generate normalized mean expression 

values based on both experimental batches for each E. coli, and fold-changes in 

expression levels were calculated based on those means. Thus, some of the results 

showed high yet statistically insignificant fold-changes in expression levels. This might 

have been caused by too large of a difference in normalized expression values within 
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irradiated samples in a replicate or within dark samples in a replicate, or caused by only 

of the experimental batches and not the other having large and significant fold-change. 

 

3.2.10. cDNA synthesis for RNA-seq confirmation by RT-qPCR 

For RT-qPCR confirmation experiments, RNA samples which were preserved and 

extracted as described in 3.2.8. were used for cDNA generation according to Invitrogen’s 

SuperScript First-Strand Synthesis System for RT-PCR kit reagents and instructions. 

Briefly, each mRNA sample was mixed with 100 pmol of random hexamers, incubated at 

65 °C for 5 min then chilled on ice for 1 min. Each reaction was then mixed with 2 µL 

10X RT buffer, 4 µL of 25 mM MgCl2, 2 µL of 0.1 M DTT and 1 µL of 40U/µL 

RNaseOUT, incubated at room temperature for 2 min, then 1 µL of SuperScript II RT 

was added. Reactions were incubated at room temperature for 10 min, at 42 °C for 50 

min, then the reactions were terminated at 70 °C for 15 min and chilled on ice. Next, 1 

µL of RNase H was added to each reaction and they were incubated at 37 °C for 20 min. 

The generated cDNA was stored at -20 °C until reverse transcription quantitative PCR 

(RT-qPCR). 

 

3.2.11. RNA-seq confirmation by RT-qPCR 

After RNA-seq and cDNA synthesis, there was sufficient cDNA to analyze only the 

early-decay and mid-decay phase samples for the selected genes present in both isolates 

using RT-qPCR. Selected genes for RT-qPCR include ftsI, hflC, lexA , marA and uidA 

for both E. coli PI-7 and DSM1103, and gene CFA was additionally analyzed for E. coli 

PI-7. All primers are listed in Table 3.2. qPCR standards for the respective genes were
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Table 3.2. List of primers used for RT-qPCR in Chapter 3 

 

Primer Gene 

target 

Gene function Amplicon 

size (bp) 

Sequence Cycling conditions* Amplification 

efficiency* 

FtsI146-F 

FtsI146-R 

ftsI Cell-division 

protein/peptidoglycan 

synthesis 

146 5`-GCGTTTTGCGTTGTTATGCG-3` 

5`-GGGAGGTGGAAACTTGCTCA-3` 

50 °C x 2 min; 95 °C x 

20 s; 40 cycles of 95 °C 

x 1 s and 55 °C x 20 s 

99% 

HflC154-F 

HflC154-R 

hflC Modulator of ftsH 

protease/control of 

lysogenization 

154 5`-TCAACCCGAACAGTATGGCG-3` 

5`-TCCTGACCTTGTGAACGGTG-3` 

50 °C x 2 min; 95 °C x 

20 s; 40 cycles of 95 °C 

x 1 s and 55 °C x 20 s 

92% 

LexA145-F 

LexA145-R 

lexA Transcriptional repressor 

of SOS response genes 

145 5`-GGGATTCGTCTGTTGCAGGA-3` 

5`-GCAGGAAATCAGCATTCGGC-3` 

50 °C x 2 min; 95 °C x 

20 s; 40 cycles of 95 °C 

x 1 s and 55 °C x 20 s 

93% 

MarA127-F 

MarA127-R 

marA Transcriptional activator 

/multiple antibiotic 

resistance protein 

127 5`-GACAACCTGGAATCGCCACT-3` 

5`-TACGGCTGCGGATGTATTGG-3` 

50 °C x 2 min; 95 °C x 

20 s; 40 cycles of 95 °C 

x 1 s and 55 °C x 20 s 

98% 

CFA157-F 

CFA157-R 

CFA Colonization Factor 

Antigen 

157 5`-TCATCACGGTATCGCCAGTT-3` 

5`-GTGGCTATCGAGGGTGACTC-3` 

50 °C x 2 min; 95 °C x 

20 s; 40 cycles of 95 °C 

x 1 s and 55 °C x 20 s 

93% 

UidA159-F 

UidA159-R 

uidA Housekeeping gene beta-

D-glucuronidase 

159 5`-CGAATCCTTTGCCACGCAAG-3` 

5`-TCACAGCCAAAAGCCAGACA-3` 

50 °C x 2 min; 95 °C x 

20 s; 40 cycles of 95 °C 

x 1 s and 60 °C x 20 s 

93% 

Probe Gene target Sequence Cycling conditions* Amplification 

efficiency* 

uidA-23 uidA 5`-/56FAM/TCGCCCTCC/ZEN/ACTGCCACTGACCG/3IABkFQ/-3` As described for uidA159 primer pair 

 

*: Cycling conditions and amplification efficiency for qPCR.
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prepared by cloning target gene amplicons into pGEM®-T easy vectors (Promega, 

Madison, WI, USA). Plasmids carrying the gene inserts were harvested from transformed 

cells using PureYield™ Plasmid Miniprep System (Promega, Madison, WI, USA). The 

extracted plasmids were sequenced to verify the insertions. Plasmid copy numbers were 

calculated based on the concentration of extracted plasmid DNA and the known sizes of 

vector and insert, and were diluted in series from 102 to 109 copies/μL to produce a 6-

points qPCR standard curves for each gene. For gene uidA qPCR, the TaqMan assay was 

used. Triplicate 20 µL reactions for each sample included 10 µL Applied Biosystems’ 

TaqMan Fast Advanced master mix (Thermo Fisher Scientific, Carlsbad, CA, USA), 1 

µL of each primer (10 µM), 0.8 µl of probe (10 µM), 1 ng standard or cDNA template (or 

2 µL H2O in non-template controls) and topped up to 20 µL using molecular-biology 

grade water. For all remaining genes, triplicate 20 µL qPCR reactions per sample were 

set up using 10 µL of Applied Biosystems’ PowerSYBR Green master mix (Thermo 

Fisher Scientific, Carlsbad, CA, USA), 0.4 µL of each primer (10 µM), 1 ng standard or 

cDNA template (or 2 µL H2O in non-template controls) and topped up to 20 µL using 

molecular-biology grade water. qPCR, following the relative standard curve method, was 

performed using Applied Biosystems®7900HT Fast Real-Time PCR system with 384-

well block module (Thermo Fisher Scientific, Carlsbad, CA, USA) using the cycling 

conditions listed in Table 3.2. For those genes using a Sybr Green reporter, melting curve 

analysis was performed with a dissociation cycle that included an increment of 

temperature from 60 °C to 95 °C, at an interval of 0.5 °C for 5 s. 

After optimization, copy numbers and relative concentrations of each gene to house-

keeping gene uidA were calculated using Microsoft Excel. These proportions were 
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compared in irradiated and dark samples to generate fold-change values that were 

compared with fold-change values generated from RNA-seq analysis. 

 

3.2.12. Solar inactivation in the presence of an efflux pump inhibitor 

Transcriptomic results showed upregulation of efflux pump genes in E. coli PI-7 and 

DSM1103. To verify the role of efflux pumps in the decay kinetics of the two E. coli 

upon solar irradiance, and as an additional and non-molecular method of confirming 

transcriptomic results, inactivation trials were performed on E. coli PI-7 and DSM1103 in 

the presence or absence of Phe-Arg-β-naphthylamide (PAβN), a known RND (resistance-

nodulation-division)-type efflux pump inhibitor. The bacteria were grown and prepared 

for inactivation trials as detailed in 3.2.4. PAβN was then added to the microcosms at 50 

µg/mL or 0 µg/mL prior to the simulated solar inactivation trials. The concentration of 

PAβN (i.e., 50 µg/mL) was chosen based on preliminary trials that detected no apparent 

change in the turbidity of overnight E. coli PI-7 cultures despite PAβN, suggesting that 

PAβN imposes no toxicity on E. coli PI-7 at this concentration. Additionally, lower 

turbidity was observed when E. coli PI-7 was grown in the presence of PAβN and 50 

µg/mL tetracycline (a concentration lower than its minimum inhibitory concentration of 

64 µg/mL 10) compared to tetracycline alone, suggesting a possible impact of PAβN on 

the efflux pump mechanism. 

 

3.3. Results 

3.3.1. Inactivation kinetics of E. coli PI-7 and DSM1103 in different water 

matrices 
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The inactivation response of the bacterial isolates under simulated solar irradiation in 

buffer solution was examined (Figure 3.2A-C). E. coli PI-7 exhibited an initial lag phase 

 

Figure 3.2. Inactivation curves of E. coli PI-7 and DSM1103 under simulated solar 

irradiation in buffer solution. 

 
E. coli PI-7 exhibits a longer lag phase than DSM1103 prior to decay. The irradiance 

rate at 280-700 nm was 27.86 J/cm2/h. 

 

of 6.64 ± 0.63 h and achieved 5-log10 inactivation after > 12 h of sunlight irradiation 

(Figure 3.2A and C). In contrast, E. coli DSM1103 exhibited a significantly shorter lag 

phase of 1.33 ± 0.52 h (p < 0.0001) and achieved 5-log10 inactivation within 5 h of 

sunlight irradiation (Figure 3.2B and C). Half-life values derived from corrected decay 

constants showed that E. coli PI-7 had a half-life of 2.85 ± 0.46 min, which was 

significantly longer than the half-life of E. coli DSM1103 (2.04 ± 0.36 min, p < 0.0001) 

(Figure 3.2C). Additionally, for E. coli PI-7, a tailing effect starting at 11 h was observed 

in 35% of the trials. The half-life calculated from this portion of the decay curve for trials 
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that displayed it was 7.76 ± 1.27 min. No such effect was detected in DSM1103 

inactivation trials. 

Inactivation of the bacterial isolates under simulated solar irradiation in real wastewater 

effluent and chlorinated effluent was also examined. Both types of treated wastewater 

had DOC, SUVA and alkalinity values that ranged from 2.2-3.1 mg/L, 1.9-4.4 L/mg-M 

and 69.3-82.9 mg CaCO3/L, respectively (Table 3.3). 

 

Table 3.3. Wastewater quality parameters. 

 

Quality Parameter Influent Effluent 
Chlorinated 

effluent 

pH - 7.54 ± 0.20 7.57 ± 0.29 

COD (mg/L) 137.50 ± 28.28 13.03 ± 2.33 7.57 ± 3.66 

TOC (mg/L) 6.86 ± 3.57 2.16 ± 0.26 3.08 ± 1.31 

TN (mg/L) 12.87 ± 4.40 17.86 ± 0.81 14.37 ± 1.63 

SUVA (L/mg-M) 1.18 4.36 ± 1.78 1.86 ± 1.63 

Alkalinity as mg CaCO3/L 28.89 69.25 ± 7.66 81.87 ± 4.17 

Free Cl residual (mg/L) - - 0.24 ± 0.06 

Total Cl residual (mg/L) - - 0.36 ± 0.09 

 

COD: chemical oxygen demand; TOC: total organic carbon; TN: total nitrogen; 

SUVA: specific ultra-violet absorbance; Cl: chlorine; C. Effluent: chlorinated effluent. 

 

No significant change in lag phase length was observed for either isolate in either type of 

treated wastewater compared to the buffer (p > 0.05). E. coli PI-7 exhibited mean lag 

phase lengths of 6.64 ± 0.48 h and 6.30 ± 1.18 h in effluent and chlorinated effluent, 

respectively (Figure 3.3A and B). E. coli DSM1103 exhibited mean lag phase lengths of 

1.29 ± 0.49 h and 0.71 ± 0.76 h in effluent and chlorinated effluent, respectively (Figure 

3.3C and D). After the lag phase, E. coli PI-7 exhibited a mean half-life of 4.36 ± 1.13 



 

118 

 

min and 5.23 ± 1.40 min in effluent and chlorinated effluent, respectively (Table 3.4). 

The half-life of E. coli PI-7 in chlorinated effluent was significantly longer than the half-

life measured for E. coli PI-7 in buffer (p = 0.0167). For E. coli DSM1103, the half-life 

value in effluent was 4.03 ± 0.36, and the half-life was 2.05 ± 0.16 min in chlorinated 

effluent (Table 3.4). The half-life in the effluent was significantly longer than that in the 

buffer or the chlorinated effluent (p = 0.0012).  

 

Figure 3.3. Inactivation curves of E. coli PI-7 and DSM1103 under simulated solar 

irradiation in effluent and chlorinated effluent. 

 

 
 

Irradiated E. coli PI-7 and DSM1103 in chlorinated effluent and effluent, respectively, 

showed a longer half-life than the same strains in buffer. 
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Table 3.4. Inactivation kinetics of E. coli PI-7 and DSM1103 in treated wastewater. 

 

(A) PI-7 inactivation Effluent C. Effluent 

Darkα Sample size 6 5 
 

Decay constant k* 0.02 ± 0.10 -0.05 ± 0.10 

Irradiated Sample size 6 7 
 

Lag phase length (h) 6.64 ± 0.48 6.30 ± 1.18 
 

Lag phase fluence (J/cm2) 184.97 ± 13.37 175.50 ± 32.87 
 

Decay constant k* -10.42 ± 4.00 -8.38 ± 2.00 
 

Half-life length (min) 4.36 ± 1.13 5.23 ± 1.40 
 

Half-life fluence (J/cm2) 2.02 ± 0.52 2.43 ± 0.65 

(B) DSM1103 inactivation 
 

Effluent C. Effluent 

Darkα Sample size 4 5 
 

Decay constant k* 0.00 ± 0.06 -0.06 ± 0.14 

Irradiated Sample size 7 7 
 

Lag phase length (h) 1.29 ± 0.49 0.71 ± 0.76 
 

Lag phase fluence (J/cm2) 35.94 ± 13.65 19.78 ± 21.17 
 

Decay constant k* -10.83 ± 2.32 -18.83 ± 6.23 
 

Half-life length (min) 4.02 ± 0.96 2.40 ± 0.78 
 

Half-life fluence (J/cm2) 1.87 ± 0.45 1.11 ± 0.36 

 

COD: chemical oxygen demand; TOC: total organic carbon; TN: total nitrogen; 

SUVA: specific ultra-violet absorbance; Cl: chlorine; C. Effluent: chlorinated effluent. 

 

3.3.2. Extent of differential gene expression response throughout the 

different phases of solar irradiation  

Prior to transcriptomic analysis, general genomic comparisons were performed to provide 

insight into the differences between the two isolates’ genomes. The genome of E. coli 

DSM1103 (5.2 Mb) was found to be larger than the available genome of PI-7 (4.73 Mb) 

(Table 3.1). Based on the currently available mapped genomes, E. coli DSM1103 

exhibited a larger total number of annotated genes than PI-7 (4,808 vs. 4,471, 
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respectively) as well as more unique gene sequences and annotated gene functions (910 

vs. 489 and 185 vs. 155, respectively). The annotated functions were further separated by 

functional category (Table 3.5) to illustrate the shared and unique genes between the two 

bacterial strains.  

 

Figure 3.4. Percentage of genes significantly up- and down-regulated for each of E. coli 

DSM1103 and PI-7 at different phases of exposure to simulated solar irradiance in buffer 

solution. 

 
The normalized bar lengths indicate the proportion of genes that were either 

upregulated (light) or downregulated (dark), for the indicated E. coli, out of the total 

number of differentially regulated genes for that particular E. coli for the indicated 

phase only. 

Numbers shown inside the bars refer to the numbers of genes differentially regulated 

in the corresponding direction. 

“Core group” category refers to genes that were significantly differentially regulated 

(by ≥2-fold) in the same direction consistently at all phases. 

Decay phases for PI-7 are as follows: 0 h = prior to solar irradiation; 3 h = mid-lag 

phase; 6 h = early-decay phase; 9 h = mid-decay phase; 14.5 = late-decay phase. 

Decay phases for DSM1103 are as follows: 0 h = prior to solar irradiation; 2 h = early 

decay phase; 3.5 h = mid-decay phase; 6.5 h = late-decay phase. 
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Table 3.5. Numbers of unique metabolic functions in the genomes of E. coli PI-7 and 

DSM1103 in the various functional categories. 

 

Functional Category Core PI-7 DSM1103 

Amino Acids and Derivatives 307 1 6 

Carbohydrates 571 15 43 

Cell Division and Cell Cycle 37 0 0 

Cell Wall and Capsule 224 6 9 

Clustering-Based Subsystems 620 15 21 

Cofactors, Vitamins, Prosthetic Groups, Pigments 252 2 2 

DNA Metabolism 109 4 1 

Dormancy and Sporulation 4 0 0 

Fatty Acids, Lipids, and Isoprenoids 96 0 19 

Iron acquisition and metabolism 23 1 26 

Membrane Transport 141 35 21 

Metabolism of Aromatic Compounds 3 17 0 

Miscellaneous 51 6 0 

Motility and Chemotaxis 72 2 0 

Nitrogen Metabolism 52 4 0 

Nucleosides and Nucleotides 133 0 1 

Phages, Prophages, Transposable elements, Plasmids 7 5 19 

Phosphorus Metabolism 42 0 0 

Potassium metabolism 24 0 0 

Protein Metabolism 263 1 1 

Regulation and Cell signaling    
   Programmed Cell Death and Toxin-antitoxin Systems 13 6 7 

    Quorum Sensing and Biofilm Formation 4 8 0 

    Regulation of Cell Virulence 8 0 0 

    No Subcategory 94 2 3 

Regulons 11 0 0 

Respiration 152 6 2 

RNA Metabolism 237 0 1 

Secondary Metabolism 5 8 0 

Stress Response 163 2 1 

Sulfur Metabolism 54 0 1 

Virulence, Disease and Defense 88 7 1 

 

Numbers were obtained through comparisons performed using RAST26, 27. 

“Core” column refers to functions that were found to be shared by the two E. coli. 

0 = no unique functions found for that bacterium in that particular functional category. 
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RNA-seq was performed to examine the molecular responses of the two isolates to solar 

irradiation. Gene expression for each of the isolates was analyzed independently by 

comparing the gene response of the irradiated sample to that of its corresponding dark 

control at each time point. The results revealed increasing numbers of genes significantly 

(p < 0.05) upregulated or downregulated by ≥ 2-fold in both E. coli PI-7 and DSM1103 

as the duration of solar irradiation increased (Figure 3.4). The results also showed an 

increase in the percentage of total genes that were upregulated during the mid- and late 

decay phase.  

A closer examination showed that E. coli PI-7 upregulated > 50 stress response and 

protection mechanism functions, > 130 cell repair, division and cell wall synthesis 

functions, and >50 virulence functions (virulence factors, motility, membrane transport 

systems) upon prolonged exposure to solar irradiation. E. coli DSM1103 also upregulated 

genes from the same categories. E. coli DSM1103 showed upregulation of ten functions 

related to stress response, 22 cell repair functions, and 25 virulence functions. 

Differential gene expression in each of these functional categories is covered in more 

detail in sections 3.3.3 to 3.3.5.  

 

3.3.3. Differential gene expression of stress response and protection 

mechanisms 

Stress response and protection mechanisms (e.g., oxidative stress response, heat shock 

proteins and reactive oxidative species (ROS) scavengers) can be differentially expressed 

by either of the E. coli strains to counteract the effects of solar irradiation. 
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In E. coli PI-7, the redox-sensitive transcriptional regulator gene qorR was 

downregulated at the early decay phase (Table 3.6). Various genes related to oxidative 

stress functions were upregulated at the decay phase, including a catalase, two 

peroxidases and three glutathione-related genes, all known to play a role in ROS 

scavenging, as well as 39 other genes with stress/detoxification-related functions (Table 

3.2 and Table A.3A:1-1.5). A superoxide dismutase [Cu-Zn] precursor gene in E. coli PI-

7 was downregulated from early decay to late decay (Table A.3A:1.5). In E. coli 

DSM1103, no response in regulatory oxidative stress genes was detected (Table 3.6). 

DSM1103 still activated genes in similar oxidative stress response categories to E. coli 

PI-7: a peroxidase, one glutathione-related gene and six other genes with 

stress/detoxification functions. Despite DSM1103 possessing similar numbers of catalase, 

peroxidase and glutathione-related genes and more than twice as many other 

stress/detoxification-related genes compared with E. coli PI-7, the total number of 

upregulated genes for E. coli DSM1103 in these categories was lower than that observed 

for PI-7 (Table 3.7 and Table A.3B:1-1.5). 

 

Table 3.6. Regulatory genes with differential gene expression responses in stress 

response, cell repair and virulence categories 

 

a) Stress response PI-7 DSM 1103 

QorR, redox-sensing transcriptional regulator - NA 

Biofilm formation regulator + + 

MarA, multiple antibiotic resistance protein + o 

b) Cellular repair   
RecA + o 

LexA Repressor - - 

Replication regulatory protein repA2 - NA 

c) Virulence   
Predicted regulator of CFA/I fimbriae + NA 

FimB type 1 fimbriae regulatory proteins + NA 
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FimE type 1 fimbriae regulatory proteins + NA 

FliA, RNA polymerase σ factor for flagellar operon + o 

FlhC, flagellar transcriptional activator + o 

FlgM, negative regulator of flagellin synthesis o - 

RpoN, σ54 RNA polymerase + o 

 

(+): upregulated; (-): downregulated; (o): present in genome but with no significant 

fold change in expression; (NA) not found in the genome. 

This list of regulatory genes is selected from the full list of genes with significant fold 

change in the selected categories (See Table A.3).   

 

Other mechanisms of protection and detoxification were also examined. A regulatory 

gene involved in biofilm formation was upregulated in both E. coli PI-7 and DSM1103 

(Table 3.6). The marA regulatory gene, encoding a multiple antibiotic resistance protein 

that is a central regulator for efflux pumps, was upregulated in E. coli PI-7 and was 

present but not upregulated in DSM1103 (Table 3.6). Twenty-two drug and heavy metal 

efflux pumps and transporters were correspondingly upregulated in E. coli PI-7; only one 

was upregulated in DSM1103 (Table 3.7). Considering this result and the potential of 

efflux pumps to contribute to antibiotic resistance, the effect of efflux pumps in 

facilitating E. coli PI-7’s prolonged persistence was tested by performing simulated solar 

inactivation trials in the presence of the RND-type efflux pump inhibitor, PAβN. This 

also served as an additional and non-molecular method of confirming the transcriptomic 

findings. The results showed that with PAβN, E. coli PI-7’s lag phase length was 

significantly reduced to less than three hours (p-value = 0.0010), while its half-life was 

 

Table 3.7. Numbers of upregulated genes out of the total number of present genes in 

stress response, cell repair and virulence categories 

 

a) Stress response PI-7 DSM 1103 

Biofilm 6/13 1/4 

Catalases 1/2 0/2 

Peroxidases 2/3 1/2 
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Glutathione 3/22 1/20 

Other stress/detox 39/70 6/171 

Multidrug and heavy metal efflux pumps/transporters 22/43 1/19 

b) Cellular repair   
DNA repair 28/66 2/78 

Cell division 17/38 1/36 

Cell wall synthesis 87/191 7/192 

DNA synthesis 9/14 1/15 

Other DNA 15/21 4/32 

Persisters 19/57 7/44 

c) Virulence   
Virulence 25/41 6/38 

Fimbriae/pili 30/53 13/42 

Flagella and motility 29/61 6/60 

Type III secretion system 4/4 0/NA 

 

This list of regulatory genes is selected from the full list of genes with significant fold 

change in the selected categories (See Table A.3). 

Genes were counted for inclusion in this table if they were upregulated at any of the 

examined time points; total numbers are the total numbers of relevant genes that were 

found in the entire genomes of the E. coli isolates. 

 

reduced to 1.77 ± 0.06 min (p = 0.0360) (Figure 3.5A). Five-log10 reduction in CFU 

numbers was achieved in under 6.5 h, and 10-log10 of inactivation was achieved by 12 h. 

E. coli DSM1103 was also tested in the presence of PAβN. While the lag phase length 

did not change significantly, the half-life of E. coli DSM1103 significantly decreased to 

1.38 ± 0.11 min (p = 0.0446) (Figure 3.5B). This suggests that efflux pump mechanisms 

have a role against solar irradiation in E. coli DSM1103, although it may be less 

significant role than that in E. coli PI-7. 
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Figure 3.5. Inactivation curves of E. coli PI-7 and DSM1103 in the absence or presence 

of efflux pump inhibitor (PAβN). 

 

 

 
E. coli PI-7 (A) and DSM1103(B) inactivation curves in phosphate-buffered saline 

were monitored in the absence or presence of 50 µg/mL efflux pump inhibitor 

(PAβN). EPI: efflux pump inhibitor. One-way ANOVA on log reduction in dark 

samples ± EPI showed that 50 µg/mL PAβN had no toxic effect on the bacteria (p-

value = 0.92). E. coli PI-7 + EPI showed reduced lag phase length and half-life vs. PI-

7 - EPI. DSM1103 with EPI showed no significant change in lag phase length but a 

reduced half-life compared with DSM1103 without EPI.  

 

3.3.4. Differential gene expression of cell repair and division mechanisms 
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Solar irradiation inactivates microorganisms by inflicting direct and indirect damage on 

various cellular components, compromising DNA and cellular membrane integrity. 

Therefore, gene expression related to cellular repair and division categories was further 

examined to understand the mechanisms employed by both E. coli strains to counteract 

the inactivating effects of solar radiation. 

In E. coli PI-7, the essential DNA repair and maintenance protein gene recA was 

upregulated and the SOS-response repressor gene lexA was downregulated (Table 3.6). 

This response is required to activate the SOS cellular and DNA repair network. Twenty-

eight out of 66 DNA repair functions, such as three different DNA-damage-inducible 

protein genes, various DNA repair genes, and some exonuclease and endonuclease genes 

were upregulated in E. coli PI-7 (Table 3.7). Fifteen out of 21 genes with other DNA-

related functions, such as a probable DNA recombinase and a DNA helicase ruvAB gene 

(Table A.3A:2.2), were also upregulated in PI-7 (Table 3.7). E. coli DSM1103 

downregulated its lexA gene but showed no differential expression of the recA gene. The 

observed response for DSM1103 out of 78 DNA repair and 32 other DNA-related genes 

was limited to the upregulation of two endonuclease genes (Table A.3B:2.3), and one 

gene related to DNA recombination (Table A.3B:2.2). 

Functions related to cell wall synthesis, cell division and DNA synthesis were examined. 

In E.coli PI-7, over eighty cell wall synthesis functions were upregulated at different 

stages of exposure to simulated solar irradiation (Table 3.7). Of those, 28 functions were 

related to capsular and extracellular polysaccharides (Table A.3A:5.2). The cell division 

gene ftsI, which codes for a peptidoglycan synthase and belongs to both the cell division 

and cell wall synthesis categories, was upregulated from the mid-lag to the mid-decay 
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phase (Table A.3A:3 and A.8A:5.1). In addition, the replication regulatory protein repA2 

gene was downregulated in PI-7 (Table 3.6), and nine DNA replication/synthesis 

functions (e.g., DNA gyrases, topoisomerases, helicases) were also upregulated (Table 

3.7). For E. coli DSM1103, seven cell wall function genes, of which five were related to 

capsular and extracellular polysaccharides, were upregulated from the mid- to late decay 

phase (Table 3.7). In the cell division and replication category, one protein-coding gene 

related to septum formation and another putative replication protein were upregulated 

(Table 3.7).  

Cells can also adopt dormancy or form persister cells in the event that their repair 

mechanisms are not sufficient to counteract oxidative stress. E. coli PI-7 upregulated 19 

out of 57 genes with functions related to dormancy and persister cell formation (Table 

3.7). One possible way to achieve dormancy is through programmed cell death and toxin-

antitoxin systems. The genes for the YoeB-YefM pair, the only complementary toxin-

antitoxin pair detected for E. coli PI-7 in this experiment, were upregulated at late decay 

(Table A.3A:6.1). Furthermore, the dormancy and persister-cell-related gene hipB in E. 

coli PI-7 was upregulated at the mid- and late decay phase (Table A.3A:4), as were other 

transcription factors, heat/cold shock genes, and SOS-related genes implicated in 

persister formation. For E. coli DSM1103, seven out of 44 dormancy and persister cell 

formation genes were upregulated (Table 3.7, and Table A.3B:4). Five genes with toxin-

antitoxin functions (e.g., antitoxin YefM, three genes with toxin Ldr functions) were 

upregulated at the mid- and late decay phase (Table A.3B:6.1), but the available 

annotation did not reveal whether there were any complementary toxin-antitoxin pairs.  
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3.3.5. Differential gene expression of virulence functions 

Virulence-related functions such as virulence signaling, adhesion and invasion functions 

were examined for their gene expression response to simulated solar irradiation, 

particularly for the purpose of understanding the risk associated with E. coli PI-7’s 

virulence and prolonged persistence. E. coli PI-7 showed upregulation of the regulatory 

gene rpoN, which encodes a sigma factor known to play a role in bacterial virulence 

(Table 3.6). It also upregulated 25 genes with virulence functions including four with cell 

signaling functions related to virulence at the mid-decay phase (Table A.3A:6.3-7.3) and 

a virulence protein gene that reached 20-fold upregulation at high RPKM levels (Table 

A.3A:7, and Table A.4A:7). E. coli PI-7 also upregulated genes with two flagellar 

regulatory functions and 29 functions related to flagella and motility (Table 37). For E. 

coli DSM1103, there was a detectable virulence response in the upregulation of six 

virulence-related functions (Table 3.7, and Table A.3B:6.3-7.3).  

An earlier study to characterize the genomic and plasmidic content of E. coli PI-7 

revealed a repertoire of pathogenic traits including colonization factor antigen I fimbriae 

(CFA/I), accessory colonization factor acfD precursor, the type III secretion system and 

various putative virulence factors13. These virulence-associated traits are unique to E. coli 

PI-7 and are not present in E. coli DSM1103’s genome. Both CFA/I fimbrial subunit 

genes were upregulated upon solar irradiation (Table 3.6), with one upregulated at mid-

decay and the other throughout the decay phase, and 25 other genes with fimbriae-related 

functions were upregulated as well (Table 3.7). Accessory colonization factor acfD 

precursor gene was upregulated at late decay alongside other adhesion functions. For 

example, the fimH adhesin gene was upregulated at late decay, and four other genes with 
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adhesion functions were upregulated at various decay phases (Table A.3A:7.1). The four 

genes that belong to the type III secretion systems were also upregulated, two at the mid-

decay and the other two at the late decay phase (Table 3.7, and Table A.3A:9.5). 

Moreover, upregulation of functions related to the conjugative transfer of E. coli PI-7’s 

IncF blaNDM-1-carrying plasmid was also observed (Table A.3A:9.3), along with over 30 

functions belonging to secretion systems II, VI, VII and VIII (Table A.3A:9.4-9.8). E. 

coli DSM1103 has no functions belonging to the type III secretion system, but genes 

related to the type VI and VII secretion systems were upregulated at the late decay phase 

(Table A.3B:9.6-9.7). 

 

3.3.6. RNA-seq confirmation using reverse transcription quantitative PCR 

(RT-qPCR) 

To validate the RNA-seq results, RT-qPCR was performed on RNA from the early and 

mid-decay phase for each of the two E. coli strains. For eight out of ten data points 

obtained for E. coli PI-7, the fold changes in gene expression from RNA-seq and RT-

qPCR were in good agreement (Figure 3.6A-E). There were slight exceptions in two 

instances. The RNA-seq results showed significant upregulation of the gene hflC at both 

early and mid-decay, but only slight upregulation for the same gene was observed in mid-

decay when examined using RT-qPCR (Figure 3.6B). For the second exception, RT-

qPCR showed downregulation of the gene marA at mid-decay, while RNA-seq showed 

upregulation (Figure 3.6D). However, the upregulation in the RNA-seq result was not 

statistically significant. For E. coli DSM1103, four out of eight data points were in good 

agreement between RT-qPCR and RNA-seq results (Figure 3.7B-D). For those data  
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Figure 3.6. RNA-seq and RT-qPCR fold-change in E. coli PI-7 at the early-decay and 

mid-decay phases. 

 

 
RNA-seq fold change was calculated as explained in 3.2.9 

RT-qPCR fold-change values were generated as explained in 3.2.11. 

Dotted line at fold-change =1 indicates where expression values (RNA-seq) or 

proportion to housekeeping gene uidA (RT-qPCR) are equal between irradiated and 

dark samples. Values above the line indicate upregulation, while those below indicate 

downregulation. 

Asterisks (*) denote significant differential expression by 2-fold for RNA-seq data. 
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Figure 3.7. RNA-seq and RT-qPCR fold-change in E. coli DSM1103 at the early-decay 

and mid-decay phases. 

 

 
RNA-seq fold change was calculated as explained in 3.2.9 

RT-qPCR fold-change values were generated as explained in 3.2.11. 

Dotted line at fold-change =1 indicates where expression values (RNA-seq) or 

proportion to housekeeping gene uidA (RT-qPCR) are equal between irradiated and 

dark samples. Values above the line indicate upregulation, while those below indicate 

downregulation. 

Asterisks (*) denote significant differential expression by 2-fold for RNA-seq data. 

 

points that showed discrepancies, RT-qPCR consistently showed downregulation of the 

tested genes while RNA-seq showed upregulation of these genes. However, it is to be 

noted that most of the upregulation obtained by RNA-seq did not have significant fold-

change values except for the gene ftsI at mid-decay (Figure 3.7A).  

 

3.4. Discussion  
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Treated municipal wastewater has been increasingly recognized as a potential source for 

the dissemination of emerging contaminants including antibiotic-resistant bacteria (ARB) 

into the environment, even after WWTP processes 3, 4, 32-35. The ability of ARB to survive 

and persist in treated effluents can be a concern if the treated wastewaters are to be reused 

for agricultural irrigation. To mitigate concerns arising from ARB in treated wastewater, 

sunlight irradiation can be utilized as one of the final barriers to prevent dissemination of 

contaminants into the environment during agricultural irrigation events. This is because 

the full spectrum of sunlight includes radiation in the UV-A and UV-B spectra, which are 

known to impose biocidal effects on microorganisms through direct and indirect 

mechanisms 36-38. In the direct mechanisms, UV radiation penetrates the cell walls of 

microorganisms and is absorbed by nucleic acids, resulting in dimerization of adjacent 

cytosines and thymines 39. In the indirect mechanisms, endogenous or exogenous 

photosensitizers absorb UV light 40-42 and generate strong reactive oxidative species 

(ROS) that can damage the cellular membrane, nucleic acids, proteins or other cellular 

materials 42, 43.  

In this study, exposure to simulated solar irradiance achieved ≥ 5-log10 reduction in the 

numbers of viable E. coli cells, but the response curves and irradiance doses required for 

the reduction differed between the two isolates. Specifically, E. coli PI-7 exhibited an 

extended lag phase before the onset of detectable inactivation compared to E. coli 

DSM1103, and it also had a longer decay half-life and a tailing zone at late-decay with 

significantly slower inactivation in 35% of PI-7 inactivation trials. There are limited 

studies that demonstrate the differences in the inactivation kinetics of different strains of 

E. coli upon solar irradiation. However, our observations are in agreement with the few 
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studies available that compared the differences in the inactivation kinetics of strains 

within other bacterial species, where it was found that different strains of Acinetobacter 

johnsonii and Halomonas salina exhibited variations in their survival rates after UV-B 

irradiation 44, 45. Variations in the decay kinetics among different strains of the same 

bacterial species may be attributed by factors such as genome size, nucleotide base 

composition and genomic content 46. In this study, the two E. coli isolates tested have 

different genomic contents and, therefore, may have differences in their molecular 

responses to the simulated solar irradiance. To investigate the underlying mechanism of 

each isolate’s response to simulated solar irradiance, the gene expression of the irradiated 

samples was compared with that of the dark controls at the various points of the 

inactivation curve for each E. coli strain. 

The transcriptomic results showed that a large portion of the genes that were 

differentially regulated by E. coli PI-7 were shared between genomes of the two E. coli 

strains. Furthermore, despite E. coli DSM1103 possessing the larger genome size and 

higher number of unique gene sequences and metabolic functions, E. coli PI-7 

differentially regulated a larger number of its available annotated genes compared with 

DSM1103, and it also exhibited a higher percentage of gene upregulation. A closer 

examination of specific gene categories revealed that E. coli PI-7 upregulated a large 

number of genes involved in DNA recombination and repair, suggesting that E. coli PI-

7’s ability to activate a wide arsenal of DNA modification and DNA-damage repair 

functions is a key factor contributing to the prolonged persistence of this isolate under 

solar irradiance. DNA recombination and repair mechanisms are inducible as part of the 

SOS regulon 47, and the associated SOS-response repressor gene lexA was observed to be 
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downregulated in both E. coli strains. In addition, a large number of genes with cell wall 

functions, specifically ones related to the cell capsule and extracellular polysaccharides, 

were upregulated in E. coli PI-7. The cell membrane is considered one of the key targets 

of damage induced by solar irradiance, as it is the first point of contact with exogenous 

photosensitizers. Active synthesis of cell wall components is indicative of continuous 

damage repair in E. coli PI-7. Extracellular polysaccharides may also encapsulate the 

cells and provide a protective layer to shield against solar irradiance 48, 49. Similarly, both 

E. coli strains upregulated a number of biofilm formation-related genes, and the biofilm 

matrix can also serve as a physical shield against solar irradiance.  

In addition to active cell repair, the longer persistence of E. coli PI-7 compared to E. coli 

DSM1103 can be accounted for by the upregulation of oxidative stress response and 

protective mechanisms. Interestingly, superoxide dismutase, which is known to convert 

superoxide O2
- into less damaging oxygen and hydrogen peroxide 50, was downregulated 

in both E. coli strains, suggesting that the superoxide O2
- ROS was not a key mechanism 

of damage in this study. Instead, genes implicated in the response to hydrogen peroxide 

radicals were upregulated in E. coli PI-7. Catalase is known to be a hydrogen peroxide 

scavenger that converts hydrogen peroxide to water and oxygen 51-53. One 

catalase/peroxidase gene was upregulated during the decay phases in E. coli PI-7, but 

another was downregulated at mid-lag and early decay. Although catalase scavenges 

hydrogen peroxide and protects bacterial cells against UV damage, excess catalase can 

act as a photosensitizer and cause increased sensitivity to UV damage when intracellular 

antioxidant moieties are limited 42, 54, 55. Hence, tight regulation of catalase production 

may have been undertaken by E. coli PI-7, explaining the mixed response and 
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upregulation of different catalase genes at varying decay phases. Cytochrome c 

peroxidase, another enzyme known to reduce hydrogen peroxide to water 56, was also 

upregulated in E. coli PI-7. Although no measurements were performed to determine the 

ROS abundance, it can be inferred from these findings that hydrogen peroxide may be the 

predominant ROS causing solar inactivation in this study. No evidence for a hydrogen 

peroxide-specific response was observed in E. coli DSM1103, and this may have 

contributed to the faster inactivation displayed by E. coli DSM1103. Our results are in 

good agreement with a microarray study on the response of Enterococcus faecalis to 

natural sunlight. Despite being a gram-positive bacterium, E. faecalis also demonstrated 

upregulation in genes related to DNA repair and replication, peptidoglycan and cell wall, 

cell redox homeostasis and oxidative stress functions (including thioredoxin- and 

glutathione-related ones) upon solar irradiation. However, upregulation of superoxide 

dismutase was observed in E. faecalis, suggesting that superoxide O2
- ROS may be 

implicated as a key mechanism of cell damage against this bacterium 57. This is in 

contrast to our findings obtained from both E. coli strains. 

In addition to oxidative stress response and ROS scavenging, E. coli PI-7 activated a 

large number of multidrug efflux pumps and transporters, suggesting that cellular 

detoxification might also play a role in the response to solar irradiance. Simulated solar 

inactivation trials on E. coli PI-7 in the presence of efflux pump inhibitor PAβN showed 

a great decrease in PI-7’s persistence as it significantly shortened its lag phase and half-

life and achieved higher overall log10 reduction in CFU numbers over a shorter duration 

of time. E. coli DSM1103 upregulated a single efflux pump function, and, while the 

effect of PAβN was less extreme on E. coli DSM1103, it also showed a decreased half-
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life. Although efflux pumps’ effects on inactivation have not been reported in solar 

irradiation studies, similar findings have been reported among microbial communities 

that were exposed to chlorination. Similar to the indirect inactivation mechanism of solar 

irradiation, chlorination results in oxidative stress. A study assessing the effect of 

chlorination found induced transcription of genes encoding major virulence factors in S. 

aureus 58 and chlorine-associated induction of antibiotic resistance in eight antibiotic-

resistant A. baumannii pathogen isolates 59. Tetracycline resistance conferred by an efflux 

pump mechanism encoded by the gene tetZ was also documented to be enriched in 

bacterial DNA recovered from chlorinated WWTP effluent samples 4. 

In addition to active repair mechanisms and stress response and detoxification, dormancy 

and formation of persister cells are documented responses to stress 60. These are 

particularly useful defense mechanisms in the event that active cell repair remains 

insufficient to mitigate the UV-induced damage. Evidence suggesting formation of 

dormant or persister cells was observed during the late phase of decay, in which E. coli 

PI-7 exhibited an upregulation in toxin-antitoxin systems for programmed cell death and 

a number of dormancy and persister-cell related genes. These results may account for the 

tailing effect seen at the end of E. coli PI-7’s inactivation curve, suggesting that a 

subpopulation of the E. coli cells entered into dormancy and persisted despite continuing 

irradiation. The persistence of E. coli PI-7 subpopulations may be a concern since E. coli 

PI-7 showed upregulation of virulence functions, a suite of genes involved in the 

replication and conjugative transfer of its NDM-1-carrying IncF plasmid and the CTX-

M-15-carrying IncA plasmid.  
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The large number of virulence genes that were upregulated in E. coli PI-7 draws parallels 

with reported observations of pathogens activating virulence genes to evade the host’s 

immune response during infection61. When pathogenic strains invade a host, the host’s 

immune response triggers production of ROS to induce cell apoptosis, which 

approximates the situation experienced by bacterial cells during solar irradiation61. It is 

therefore likely that the upregulation of virulent traits in E. coli PI-7 (a pathogenic strain) 

is a consequence of solar irradiation, undertaken in response to the external stress 

conditions. An alternative possible interpretation would be that the virulence traits 

contribute to defense against solar irradiation and/or are oxidative stress response 

mechanisms, hence resulting in extended decay kinetics for E. coli PI-7. However, this 

hypothesized role for virulence genes in slowing decay kinetics remains to be further 

elucidated. 

Inactivation of the two E. coli strains in wastewater was tested to examine the response in 

more realistic matrices. It was found that wastewater, compared with buffer solution, 

caused a significant increase in the half-life of both E. coli strains. Specifically, the half-

life of E. coli PI-7 was significantly longer in chlorinated WWTP effluent, while the half-

life for E. coli DSM1103 was significantly longer in non-chlorinated effluent. The slower 

decay experienced by the E. coli strains may be due to the high alkalinity present in the 

wastewater matrix. Bicarbonates (HCO3
−) present in water can react with hydroxyl 

radicals producing CO3
•−, which has a slower reaction with organic molecules when 

compared to •O 19, 62. On the other hand, the high SUVA content in both types of 

wastewater indicates the presence of dissolved organic matter, which may have shielded 

the microbial cells from sunlight irradiation or may have cleaved into smaller, 
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biologically labile organic compounds that can in turn stimulate further bacterial growth 

63, 64. The longer half-life of both E. coli strains in a wastewater matrix was observed even 

though the examined wastewater samples were filtered to remove turbidity. In actual 

instances of wastewater with high turbidity, the scattering effect of particulates would 

likely result in an even longer half-life than that observed in this study. Furthermore, in 

the case of E. coli PI-7, its longer half-life in the chlorinated effluent could be in part 

related to its upregulation of efflux pump and antibiotic resistance functions, which may 

have helped maintain homeostasis, not only against chlorine but also against ROS 

generated during irradiation. Induction of these genes has also been reported in other 

bacterial species upon exposure to chlorine 58, 59, while an increase in the abundance of 

antibiotic resistance genes associated with efflux pump mechanisms was determined in 

the total microbial community recovered from chlorinated effluent compared to pre-

chlorinated effluent 4. These observations suggest that these traits may act as defense 

mechanisms against chlorine and other deleterious elements, hence resulting in the longer 

persistence of E. coli PI-7 in the chlorinated effluent.  

 

3.5. Conclusion 

 In summary, this study revealed differences in the solar inactivation kinetics of 

the virulent antibiotic-resistant E. coli PI-7 strain and a non-virulent and the less 

antibiotic-resistant commensal E. coli DSM1103. The results showed that a minimum of 

half a day’s exposure to solar irradiation is required to overcome the lag phase of E. coli 

in the buffer solution and treated wastewater prior to achieving inactivation. Although 

solar irradiation remains useful and effective in reducing the number of E. coli cells by 
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more than 5-log10, transcriptomics revealed differences in the overall upregulation of 

regulatory, protective and repair mechanisms between both E. coli strains, leading to 

different efficacies in damage sensing and response. Subpopulations of E. coli PI-7 

expressed genes related to dormancy and persister cell formation during the late decay 

phase, which may have accounted for the prolonged persistence of E. coli PI-7. More 

importantly, this study showed that both E. coli strains displayed upregulation of 

virulence functions, with a wider arsenal of such genes being upregulated in the virulent 

E. coli PI-7, upon solar irradiation. The current guidance on the quality of treated 

wastewater for use in agricultural irrigation remains limited to assessing the abundance of 

fecal coliforms. Our findings suggest a need to expand efforts to monitor the presence 

and abundance of ARB, particularly for those bacterial pathogens that are commonly 

associated with foodborne diarrheal diseases, in the treated wastewater that is to be 

reused. 

 

3.6. Supplementary Information 

Tables: RNA-seq mapping quality, fold change of differentially regulated genes in select 

categories, RPKM values of differentially regulated genes in select categories. 
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4. Bacteriophages To Sensitize A Pathogenic New Delhi Metallo β-

lactamase-positive Escherichia coli To Solar Disinfection 

 

Abstract 

In this study, a cocktail of bacteriophages active against a New Delhi metallo beta 

lactamase (NDM)-positive E. coli PI-7 were isolated from municipal wastewater and tested 

for their lytic effect against the bacterial host. Bacteriophages against E. coli PI-7 were 

isolated from wastewater and were highly specific to E. coli PI-7 when tested for host-

range. And when applied to activated sludge to be tested for potential impact on complex 

microbial community, caused only a transient perturbation to the sludge microbiota 

between bacteriophage-spiked and control reactors for a short period. After determining 

host-specificity, bacteriophages were tested for their ability to sensitize this pathogenic E. 

coli strain to solar irradiation. Solar irradiation coupled with bacteriophages successfully 

reduced the length of the lag-phase for E. coli PI-7 from 4.11 ± 0.78 h to 1.82 ± 0.60 h in 

phosphate buffer solution. The reduction of lag-phase length effect was also observed in 

filtered wastewater effluent and chlorinated effluent. In a previous work, we found through 

gene expression analysis that cell wall, oxidative stress and DNA repair functions played 

a large role in E. coli PI-7 tolerating solar damage. In this work, gene expression analysis 

of bacteriophage-supplemented solar-irradiated E. coli PI-7 revealed downregulation of 

cell wall functions, making the bacteria more susceptible to damage by solar irradiation 

and to bacteriophage infection with the lack of cell wall repair and extracellular 

polysaccharides as a physical barrier. Downregulation of functions implicated in 

scavenging and detoxifying reactive oxygen species, as well as DNA repair genes was also 
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observed in bacteriophage-supplemented solar-irradiated E. coli PI-7. Moreover, solar 

irradiation stress activates the recA gene which can induce lytic activity of bacteriophages. 

Overall, the combined treatment lead to gene responses that appeared to make E. coli PI-7 

more susceptible to each of the two treatments. Our findings suggest that bacteriophages 

show good potential to be used as low-cost and environmentally safe biocontrol tool to 

complement solar irradiation in mitigating of the persistence of antibiotic resistant bacteria 

in reuse waters. 
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4.1. Introduction 

Antibiotic-resistant bacteria (ARB) are among emerging microbial contaminants 

of increasing concern, and are challenging our current antimicrobial strategies. In fact, 

several reports have raised concerns that the development of new drugs alone will not 

adequately address the threat posed by the spread of antibiotic-resistant pathogens1-3. A 

major hotspot implicated in the creation of superbugs, and the dissemination of these 

emerging contaminants is wastewater and its treatment facilities as abundance of 

nutrients, high bacterial numbers and sub-lethal levels of antibiotics are considered 

favorable for both the survival ARB and the horizontal transfer of bacterial resistance 

genes4, 5.  

In particular, an earlier study has isolated an E. coli strain PI-7 from local 

wastewater influent in Jeddah, Saudi Arabia, and found it to be pathogenic, highly 

antibiotic-resistant and, more alarmingly, carrying the New Delhi metallo-β-lactamase 

(NDM) antibiotic resistance gene, blaNDM
6. Other studies have also independently 

reported the presence of blaNDM genes and NDM-harboring bacteria in urban 

wastewater6-8, and in the final effluents (tertiary-treated by chlorination) of wastewater 

treatment plants despite passing through conventional municipal wastewater treatment 

processes7.  The blaNDM gene codes for a carbapenemase, a class of enzymes that confer 

resistance to carbapenems and other β-lactam antibiotics that are normally reserved as a 

last line of defense against gram-negative bacterial infections. Moreover, NDM-

harboring bacteria typically carry resistance determinants against multiple other antibiotic 

classes, leaving very few treatment options available 8-11. These findings highlight the 

risks from ARG and ARB spread associated with unsafe wastewater reuse12, 13, and the 
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possible magnitude of this threat to public health. This is particularly relevant in places 

like Saudi Arabia, where pressure on water resources is high, and treated wastewater is 

being considered to alleviate considerable portions of this water-scarcity pressure 14.   

To mitigate this problem, solar irradiation can serve as a biocidal barrier to 

prevent dissemination of ARB during reuse events. Many studies found rapid inactivation 

of fecal indicator organisms within a few hours of exposure to natural sunlight15-19. 

However, it was found that the NDM-positive E. coli PI-7 underwent a significantly 

longer lag-phase prior to decay, and exhibited a longer inactivation half-life compared to 

another non-pathogenic and less antibiotic-resistant E. coli DSM1103 upon solar 

irradiation20. This suggests that a higher solar fluence or longer exposure time would be 

required to achieve the same log reduction for the NDM-positive E. coli compared to a 

non-resistant strain. Furthermore, E. coli PI-7 was observed to upregulate a larger suite of 

genes related to cell repair, including: upregulation of cell wall synthesis and 

extracellular polymeric substance genes that may have served as a physical barrier to 

solar damage, upregulation of oxidative stress response and ROS (reactive oxygen 

species) scavenger genes which may have protected the cell from indirect mechanisms of 

solar damage, as well as upregulation of DNA synthesis and repair genes which with the 

cell wall synthesis show active damage repair that may have enabled longer survival. 

Moreover, the same results found upregulation of genes involved in persister cell 

formation, along with genes related to antibiotic resistance and virulence functions. These 

observations that pathogenic antibiotic-resistant bacteria like E. coli PI-7 remain viable 

for longer despite solar irradiation due to various stress response mechanisms, and that 

they upregulate concerning gene categories emphasizes the need for an additional 
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mitigation strategy besides solar irradiation to enhance biocidal effects against these 

threats. 

A complementary treatment method to explore would be the use of lytic 

bacteriophages. Lytic bacteriophages are viruses that infect the bacterium host, replicate 

within and kill bacteria by lysing the host. In wastewater related applications, 

bacteriophages have been applied to control biofilm formation on filtration membranes 

and to restore flux to fouled membranes1, 21. Bacteriophage therapy has also been 

demonstrated to solve the problem of sludge bulking caused by filamentous bacteria22-25. 

However, those studies did not demonstrate the complementary use of bacteriophages 

along with solar irradiation to inactivate ARB like E. coli PI-7.  

It is hypothesized that bacteriophages can aid in achieving further reduction of E. 

coli PI-7 numbers during disinfection by solar irradiation. This is inferred from the earlier 

study where downregulation of phage-shock functions as well as upregulation of phage 

integrase and DNA transfer genes were observed in E. coli PI-7 in response to solar 

irradiation20. The aim of this study is to investigate the use of bacteriophages as a biocidal 

tool in combination with solar irradiation for inactivating NDM-carrying E. coli PI-7. In 

this study, seven bacteriophages targeting E. coli PI-7 were isolated from wastewater then 

tested for host-specificity and stability in controlling E. coli PI-7’s growth under various 

conditions. Three bacteriophage candidates were then used as a cocktail in combination 

with solar irradiation to test the possibility of hastening E. coli PI-7’s inactivation. The 

response was assessed in terms cell survival via quantification of culturable cell counts, 

and gene expression changes to reveal survival and damage responses at the molecular 

level. Additionally, an activated sludge macrocosm was spiked with the bacteriophage 
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cocktail and monitored for change to its microbial community to further assess the 

ecological safety of applying bacteriophages to target ARB. 

4.2. Materials and Methods 

4.2.1. Bacteriophage isolation 

Bacteriophages specific to a NDM-positive pathogenic E. coli strain PI-76 were isolated 

from wastewater as follows. 50 mL of wastewater influent was centrifuged at 10,000 x g 

for 15 min, and the supernatant was filtered through a 0.2 µm filter. Then 50 mL of 2X 

LB broth was added to the filtrate, as well as 50 mL of overnight PI-7 culture with 8 

µg/mL meropenem. The mixture was incubated at 37 °C and 200 rpm for 24 h. 

Chloroform was added in to a final concentration of 1% and the mix was incubated for 1 

h to lyse bacterial cells. Next, the mixture was centrifuged at 10,000 x g for 30 min at 4 

°C, and the supernatant was filtered through a 0.2 µm filter. The phage lysate filtrate was 

diluted in SM buffer (100 mM NaCl, 8 mM MgSO4•7H2O, 50 mM Tris buffer at pH 7.5). 

To isolate individual phages, 10 µL of phage lysate and 100 µL of overnight PI-7 culture 

were mixed together in soft LB agar supplemented with 2 mM CaCl2, then poured over 

CaCl2-supplemented LB (1.5 % w/v) agar. After 24 h incubation at 37 °C, isolated 

plaques were individually picked, re-suspended in SM buffer and filtered through a 0.2 

µm filter. Each plaque then went through seven rounds of plating and re-isolation to 

isolate a total of seven individual bacteriophages. 

 

4.2.2. High-titer bacteriophage stock preparation 

Bacteriophage stocks containing high phage titer were prepared by first mixing 50 µl of 

original phage stock with 100 µl of fresh E. coli PI-7 in 3 ml of soft LB agar (0.3%) 
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supplemented with 2 mM CaCl2. The mixture was plated onto 1.5% w/v LB agar plates 

supplemented with 2 mM CaCl2, and incubated overnight at 37 °C. Then, 3 ml of SM 

buffer was added onto each plate, and a sterile spreader was used to scrape off the top 

agar layer containing bacteriophages and bacterial cells. This mixture was then 

centrifuged at 10,000 g for 15 min, and the supernatant was filtered through 0.2 µm 

filters (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK). Afterwards, 

polyethylene glycol 8000 was added to the filtrate to form 15% w/v, and the mixture was 

incubated overnight with stirring at 4 °C. Subsequently, the mixture was centrifuged at 

10,000 g for 20 mins, and the cell pellet containing the bacteriophage particles was 

resuspended in 1 ml of 1X PBS. Stocks were enumerated for titer concentration by 

plating serial dilutions of the stock with fresh E. coli PI-7 using the soft agar method 

described above, and quantifying PFUs (or plaque-forming units) after overnight 

incubation. 

 

4.2.3. Bacteriophage lytic activity 

To check the lytic activity of the bacteriophage isolates against different bacteria, cultures 

of various bacteria from clinical and environmental origins (Table 4.1) were prepared 

overnight. 100 µl of bacteria with were plated in soft agar, mixed with the bacteriophages 

to perform a plaque assay, or followed by spotting of serial dilutions of different 

bacteriophages for spot test evaluation26.   

Table 4.1. Lytic activity results for the bacteriophages tested against various bacterial 

isolates. 

 

Bacterial species No. tested  Activity a Ref b 
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Escherichia coli  8 Only vs. E. coli PI-7 6, 64, 65  

Escherichia fergusonii 3 No activity 64 

S. sonnei/E. coli O157:H7 6 No activity 64 

Klebsiella sp. 4 No activity 64 

A. baumannii, Aeromonas sp., 

Citrobacter sp., Enterobacter sp., 

Enterococcus sp. 

5 (1 each) No activity 64 

Others c 4 No activity 64 

 

 a Activity results for all seven bacteriophage isolates are shown in one column only as 

they all showed the same result. Tests were performed using plaque and spotting 

assays in 8 serial dilutions of the bacteriophages, with three replicates for each 

bacteriophage-bacteria pair.  

 
b The majority of bacterial isolates were environmental ones isolated from a local 

wastewater treatment plant in Jeddah, Saudi Arabia, while some were produce grown 

in local farms, or commercially-available isolates. Two were commercially available 

isolates: E. coli DSM1103, originally a clinical commensal isolate65; and Klebsiella 

quasipneumoniae ATCC700603 – formerly K. pneumoniae K6 – also a clinical 

isolate, known for producing extended-spectrum β-lactamase (ESBL) enzymes66. The 

isolates were chosen to represent diverse antibiotic resistance profiles and represent 

close-relatives as well as distant species to the host used for page isolation –E. coli PI-

7. 

 
c Others refers to one of each identified as: Azospirillum sp., Alcaligenes sp., Kluyvera 

ascorbate, and Leclercia adecarboxylata. 

 

Based on the lytic activity tests, bacteriophages were specific against E. coli PI-7 and 

further determination was done to monitor the impact on growth curve of E. coli PI-7 in 

presence of bacteriophages. A fresh culture of E. coli PI-7 was prepared overnight, then 

100 µL was inoculated into 10 ml of 1:1 SM buffer mixed with LB broth in sterile 

transparent glass tubes. The OD600 of each tube was periodically measured to monitor E. 

coli PI-7’s growth in presence or absence of bacteriophages at different temperatures (40, 

37, 32 and 20 °C) and pH (6, 7 and 8). 
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4.2.4. Activated sludge reactors set up 

Four bench-scale activated sludge batch reactors were set up to assess the effect of 

bacteriophage addition on a complex microbial community. The activated sludge was 

collected from the KAUST WWTP, Thuwal, Saudi Arabia and stored at 4 °C until the 

reactors were set up. For each reactor, 1 L of sludge was placed in a 2 L sterile glass 

bottle, with constant aeration and stirring. Temperature and pH were controlled at 26 °C 

and 7, respectively. Every two days, 100 mL of sludge was removed and 100 mL of 

synthetic wastewater was added in. Synthetic wastewater was prepared according to the 

components listed in an earlier study25. The reactors were acclimatized for two months. 

After this acclimatization period, reactors were spiked weekly with E. coli PI-7, 

bacteriophages or both. The control reactor was not spiked with either. E. coli PI-7 was 

thoroughly washed in 1 mM NaHCO3 and resuspended in 1X PBS prior to spiking, and 

the estimated number of cells spiked each time was 108-9 CFU. The bacteriophage 

cocktail was spiked to similar numbers of 108-9 PFU to maintain a multiplicity of 

infection value (MOI) of 1.  

 

4.2.5. DNA sampling, extraction and 16S rRNA gene-based amplicon 

sequencing 

During the acclimatization period, reactors were sampled periodically to obtain a total of 

21 acclimatization samples from each reactor). At the onset of spiking with E. coli PI-7 

and/or bacteriophages, samples were taken weekly right before spiking and a day after 
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spiking, and thereafter regularly at an interval of 7 days. A total of 13 of samples from 

each reactor was collected during the spiking period. Spiking period samples were 

divided into early spiking (three samples), mid-spiking (eight samples) and late spiking 

(two samples) phases. For each sample, 10 mL of sludge was centrifuged at 4,900 g for 

10 minutes, then the pellet suspended in 1 ml 1X PBS. Pellet was preserved at -20 °C 

until extraction using the MoBio PowerSoil DNA Isolation Kit (Qiagen, Hilden, 

Germany) following the manufacturer’s protocol, with slight modifications by adding 

lysozyme and achromopeptidase to the lysis buffer26. Samples were prepared for 16S 

rRNA gene-based amplicon sequencing based on a protocol described earlier27, and 

submitted to the KAUST Genomics Core lab for unidirectional sequencing on an 

Illumina MiSeq platform.  

High-throughput sequencing data was analyzed based on procedures described earlier to 

provide information on the total microbial community in response to spiking in E. coli 

PI-7, bacteriophages or both28, 29.  Relative abundance for each taxonomical level was 

calculated for each sample. The dataset was compiled and input into Primer E version 7, 

square-root transformed, and then computed for their Bray-Curtis similarities. The Bray-

Curtis distance matrix was used for multivariate analysis on a non-metric threshold 

multidimensional scaling (nMDS) plot. Analysis of similarities (ANOSIM) was also 

performed on Primer E v. 7 to estimate the statistical significance of differences between 

samples. 

 

4.2.6. Solar inactivation and decay kinetics 
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Solar inactivation trials were conducted using an Atlas Suntest ® XLS+ photosimulator 

(Chicago, IL) equipped with a xenon arc lamp as described in our previous work20. The  

solar simulator’s UV irradiance is describes in Figure 4.1. Briefly, prior to the 

Figure 4.1. Irradiance profile of solar simulator in the UV portion of the spectrum. 

 

 

The irradiance profile starts at 20 nm due to this wavelength being the threshold of 

detection for the irradiance measuring device. 

 

The total simulated solar irradiance in the visible + UV spectrums (280-700 nm) was 

7716 µW/cm2 per second. The irradiance in the UV portion (280-400 nm) was 2252 

µW/cm2 per second. The total irradiance measurement cutoff was 280 nm as glass 

filters permitting wavelengths ≥280 nm were used as covers on the experimental 

beakers. 

 

Fluence values that are later presented in inactivation curves were calculated from 

these total irradiance values. 

 

Fluence reported in x-axes of inactivation charts is from visible + UV irradiance, 

calculated by multiplying Watts/cm2/second by time to give Joules/cm2. Fluence in the 

UV spectrum was calculated in the same manner using total irradiance in the UV 

portion. 
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Fluence from visible + UV light was 27.78 J/cm2 per hour. Fluence in the UV portion 

alone was 8.11 J/cm2 per hour. For interested readers, Fluence in the UV portion was 

29.18% of the total visible + UV fluence, while fluence in UV-A and UV-B was 

27.73% and 1.59%, respectively, of the total visible + UV fluence. 

 

experiments, overnight cultures of E. coli PI-7 were thoroughly washed in 1mM 

NaHCO3, then re-suspended in 80 ml of the final matrix of either 1X PBS, filtered 

wastewater effluent (treated in an anoxic-oxic activated sludge tank followed by an 

aerobic membrane bioreactor) or filtered chlorinated effluent (further clarified by a 

chlorination step at the WWTP). Starting bacterial numbers were always approximately 

1-9x108CFU/ml. For bacteriophage-supplemented experiments, 1 ml of high titer phage 

cocktail solution was added to the microcosms to a final PFU concentration similar to the 

bacterial concentration (i.e., MOI = 1).  Microcosms were then either covered with foil 

(dark controls) or glass filters permitting wavelength 280 nm and above (Newport 

Corporation, Irvine, CA). A set of non-bacteriophage-supplemented experiments, both 

dark and irradiated were always included in parallel to bacteriophage-supplemented solar 

irradiation trials, but those microcosms were inoculated with sterile buffer solution 

instead of phage cocktail solution. After inoculation with bacteria and bacteriophages 

where applicable, the microcosms were placed inside the Atlas Suntest and exposed to 

solar irradiation. 

The number of colony forming units (CFU/ml) and/or plaque forming unites (PFU/ml) in 

the irradiated and dark experimental microcosms was quantified at the starting point and 

over irradiation time. Inactivation results were converted to log10 and natural log (ln) 

curves of concentration values normalized as CFUt/CFUt=0 for E. coli PI-7 or PFU/PFUt=0 

for bacteriophages, and plotted against time to obtain the inactivation curves. The decay 

constants (k) of dark control and irradiated sample inactivation curves were calculated as 
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the negative slopes of natural log inactivation curves, with the following caveat: in cases 

where there was a detectable lag-phase, the curve was considered bi-modal and the lag-

phase data points were excluded from the slope calculation. Further detail on lag-phase 

can be found in Figure B.1. The decay constants were mathematically corrected for 

attenuation of light penetration caused by sample turbidity before the decay constants 

were used in any statistical comparisons or half-life calculations. This adjustment was 

performed for each experimental microcosm by measuring its sample’s absorbance at the 

start of the experiment as described previously27, 28 and in 4.2.7.. The half-lives for each 

experiment, or the durations needed to reduce the bacterial of bacteriophage 

concentration by half (after and excluding lag-phase), were calculated using the first-

order decay kinetics equation: 

ln(CFUt/CFU0) = -k*t 

where k* is the corrected decay constant of the natural log inactivation curve and t is 

time. 

Statistical analyses was performed using Minitab version 1.4.0. One-way ANOVA was 

performed to compare the lengths of lag-phases, the corrected decay constants and the 

half-life values of the different experimental conditions and isolates. Single linear 

regression analysis was performed to compare the slope of each experiments inactivation 

curve to 0 (α = 0.05) to determine if significant change/decay is observed. Lag-phase 

length and half-life were not analyzed for dark control samples due to the lack of 

significant decay in these samples, as determined by single linear regression analysis. 
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4.2.7. Light absorbance correction 

Briefly, prior to each simulated solar inactivation trial, a sample from each microcosm 

was taken, and its absorbance at 280-700 nm was measured using a UV-3600 UV-Vis 

spectrometer (Shimadzu, Kyoto, Japan). The readings were used to generate correction 

factors that were applied to the slopes of the decay curves prior to half-life calculations 

and statistical comparisons as described previously27, 28. Briefly, the sample’s absorbance 

from 280-700 nm was used to mathematically generate a light screening correction factor 

that the Ln slope , i.e. decay constant k, is multiplied by to give k*. This does not affect 

the units of the slope (natural log decay units/ time in h). The light screening correction 

factor was derived from comparing the light intensity at the surface of the solution to the 

mean light intensity over a given solution thickness. The correction factor (CF) is then 

defined as the ratio of light absorbed at optically thin conditions over the light absorbed 

at optically thick conditions28. 

Statistical analyses were performed using Minitab version 1.4.0. One-way ANOVA was 

performed to compare the lengths of lag-phases, the corrected decay constants and the 

half-life values of the different experimental conditions and isolates. Single-regression 

analysis was performed to compare each slope to 0 at α = 0.05 so as to determine if 

inactivation or persistence is observed. 

 

4.2.8. RNA-seq sampling, extraction and sequencing 

RNA-seq was performed to provide comparative analysis of gene expression between 

samples with and without bacteriophage addition upon solar irradiation. Samples were 

taken at various time points (at 0, 1, 2, 4, 6, 8 and 10 h) to capture the gene expression at 
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different phases of the bacterial CFU inactivation curves. For bacteriophage-

supplemented experiments, three solar inactivation experiments were conducted for RNA 

sampling to obtain three biological replicates, each with two dark and two irradiated 

technical replicate microcosms at every sampling point. For non-bacteriophage-

supplemented experiments, two solar inactivation experiments for RNA sampling were 

performed, also with two dark and two irradiated technical replicate microcosms at every 

sampling point. Previous studies have not shown that any special steps were taken to 

separate bacteriophage transcripts from host transcripts in RT-qPCR or microarray-based 

RNA analysis29-31, indicating no concerning overlap in the ORFs (open reading frames) 

of bacteriophages and their hosts for this kind of analysis. 

RNA preservation, extraction and sequencing were performed as described previously20. 

Briefly, sample volumes varying between 1 to 4 mL were taken from the experimental 

microcosms, and an equal volume of RNAProtect reagent (Qiagen, Valencia, CA) was 

added in. Samples were stored at 4 °C for less than a week until RNA extraction. 

Samples were centrifuged at 5,000 g for 10 mins, and the pellets used for total RNA 

extraction using the RNeasy Mini kit (Qiagen, Hilden, Germany) with the on-column 

DNase treatment. The RNA was eluted with RNase-free water and RNA quality was 

determined using 2200 Tapestation Bioanalyzer (Agilent Technologies, Santa Clara, CA). 

All samples that passed the quality control were submitted to KAUST Genomics Core lab 

for RNA-Seq on Illumina HiSeq platform. Prior to sequencing, the bacterial ribosomal 

RNA was removed from 1 µg of total RNA using the Ribo Zero rRNA removal kit 

(Illumina, San Diego, CA, USA). The enriched mRNA fraction was converted to RNA-

seq libraries compatible for runs on Illumina HiSeq platforms based on protocols 
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described by manufacturer. Fastq files were generated and demultiplexed by KAUST 

Bioinformatics core lab. All fastq files associated with E. coli PI-7 with and without 

bacteriophages are available on the ENA SRA public depository under accession 

numbers PRJEB25911 and 25812. 

 

4.2.9. RNA-seq data analysis 

The RNA-seq data was analyzed using CLC Genomics Workbench version 8.0.1 from 

CLC Bio (Cambridge, MA). For the reference genome sequence, and to assign genes to 

specific categories, genomic DNA sequences annotated using RAST were used for E. coli 

PI-7 6. RNA-seq reads were mapped onto the reference sequences using CLC.Reads were 

only assembled if the fraction of reads that aligned to the reference genome was greater 

than 0.9 and if the read matched other regions of the reference genome at fewer than 10 

nucleotide positions. Summarized RNA-seq mapping results are shown in Tables B.1 and 

B.2. The percentage of reads mapped to the genome for each isolate was , on average, 

80% or higher (Table B.1 and B.2), indicating good read quality and no significant 

contamination of the samples. Average percentages of reads mapped to CDS (coding 

sequence) at each phase were significantly lower than reads mapped to the genome in 

both E. coli, which may indicate expression of unidentified/non-annotated genes, 

especially with PI-7’s genome not being closed. The percentage of RNA reads that 

mapped to coding sequence decreased over increasing duration of exposure to irradiance. 

This might have been a result of accumulation of irradiance-incurred damage to the 

genomes and transcripts. Bacterial expression of non-coding sequences and regulatory 

RNAs (which have been reported to be induced under some stress conditions and to play 
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a role in activation/repression of membrane, membrane transport, cell division and 

sporulation functions 67, 68) may partially explain the low read coverage of CDS regions, 

although it is unlikely that it would account for a majority of the percentage of non-CDS 

reads.   

CLC was used to generate normalized mean expression values by applying a scaling 

correction to samples to facilitate cross-sample comparisons within and across biological 

batches. The gene expression results were then analyzed for statistical significance, 

separately for each of the biological experimental replicate batches. The statistical 

comparison was based on the proportion-based test described by Baggerly et al. 32. Mean 

gene expression values as normalized RPKM (reads per kilobase million) in irradiated 

samples were compared with the mean normalized RPKM values of their respective dark 

controls at each time point for each experimental batch (three batches for bacteriophage-

supplemented, and 2 batches for non-bacteriophage-supplemented). Then, for each 

condition, the fold-change in expression level was taken into consideration if it was 

statistically significant (p-value <0.05) consistently in at least two of its biological 

replicate batches. In this experiment, the terms upregulation or downregulation are used 

to describe the fold-change in gene expression levels, and those up/downregulation terms 

describe the irradiated samples responses relative to their corresponding dark controls. 

Additionally, gene expression levels are based on the number of transcript reads present, 

and hence the expression levels change according to transcription rates as well as 

transcript degradation rates. 

Fold-changes in expression levels were calculated based on the normalized mean 

expression values, and it is those normalized fold-changes that are presented in this 
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work’s results. It should be noted that as a consequence of the way the analyses were 

performed, some of the results showed high yet statistically insignificant fold-changes in 

expression levels. This might have been caused by only one of the experimental batches 

and not the other(s) having a large and significant fold-change, and in some cases a large 

difference in normalized expression values between irradiated or dark samples 

within/between experimental batches. 

Confirmation experiments using reverse transcription-quantitative polymerase chain 

reaction (RT-qPCR) were performed as described in 4.2.10 and 4.2.11. Briefly, two genes 

that showed significant fold-change responses at high expression levels in RNA-seq 

results were chosen and normalized against a housekeeping gene. Normalized copy 

numbers in irradiated samples were then compared to corresponding dark controls to 

verify RT-qPCR results against RNA-seq results. 

 

4.2.10. cDNA synthesis for RNA-seq confirmation by RT-qPCR 

For RT-qPCR confirmation experiments, RNA samples which were preserved and 

extracted as described in section 2.7 of the main text were used for cDNA generation 

according to Invitrogen’s SuperScript First-Strand Synthesis System for RT-PCR kit 

reagents and instructions. Briefly, each mRNA sample was mixed with 100 pmol of 

random hexamers, incubated at 65 °C for 5 min then chilled on ice for 1 min. Each 

reaction was then mixed with 2 µL 10X RT buffer, 4 µL of 25 mM MgCl2, 2 µL of 0.1 M 

DTT and 1 µL of 40U/µL RNaseOUT, incubated at room temperature for 2 min, then 1 

µL of SuperScript II RT was added. Reactions were incubated at room temperature for 10 

min, at 42 °C for 50 min, then the reactions were terminated at 70 °C for 15 min and 
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chilled on ice. Next, 1 µL of RNase H was added to each reaction and they were 

incubated at 37 °C for 20 min. The generated cDNA was stored at -20 °C until reverse 

transcription quantitative PCR (RT-qPCR). 

 

4.2.11. RNA-seq confirmation by RT-qPCR 

After cDNA synthesis, qPCR was performed on the samples according to the primers and 

cycling conditions listed in Table 4.1. qPCR standards for the respective genes were 

prepared by cloning target gene amplicons into pGEM®-T easy vectors (Promega, 

Madison, WI, USA). Plasmids carrying the gene inserts were harvested from transformed 

cells using PureYield™ Plasmid Miniprep System (Promega, Madison, WI, USA). The 

extracted plasmids were sequenced to verify the insertions. Plasmid copy numbers were 

calculated based on the concentration of extracted plasmid DNA and the known sizes of 

vector and insert, and were diluted in series from 102 to 109 copies/μL to produce a 6-

points qPCR standard curves for each gene. For gene uidA qPCR, the TaqMan assay was 

used. Triplicate 20 µL reactions for each sample included 10 µL Applied Biosystems’ 

TaqMan Fast Advanced master mix (Thermo Fisher Scientific, Carlsbad, CA, USA), 1 

µL of each primer (10 µM), 0.8 µl of probe (10 µM), 1 ng standard or cDNA template (or 

2 µL H2O in non-template controls) and topped up to 20 µL using molecular-biology 

grade water. For all remaining genes, triplicate 20 µL qPCR reactions per sample were 

set up using 10 µL of Applied Biosystems’ PowerSYBR Green master mix (Thermo 

Fisher Scientific, Carlsbad, CA, USA), 0.4 µL of each primer (10 µM), 1 ng standard or 

cDNA template (or 2 µL H2O in non-template controls) and topped up to 20 µL using 

molecular-biology grade water. qPCR, following the relative standard curve method, was
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Table 4.1. List of primers used for RT-qPCR in Chapter 4. 

 

Primer 
Gene 

target 

Gene function Amplicon size 

(bp) 
Sequence Cycling conditions* 

Amplification 

efficiency* 

FtsI146-F 

FtsI146-R 
ftsI 

Cell-division 

protein/peptidoglycan 

synthesis 

146 
5`-GCGTTTTGCGTTGTTATGCG-3` 

5`-GGGAGGTGGAAACTTGCTCA-3` 

50 °C x 2 min; 95 °C 

x 20 s; 40 cycles of 

95 °C x 1 s and 55 

°C x 20 s 

99% 

LexA145-F 

LexA145-R 
lexA 

Transcriptional repressor 

of SOS response genes 
145 

5`-GGGATTCGTCTGTTGCAGGA-3` 

5`-GCAGGAAATCAGCATTCGGC-3` 

50 °C x 2 min; 95 °C 

x 20 s; 40 cycles of 

95 °C x 1 s and 55 

°C x 20 s 

93% 

UidA159-F 

UidA159-R 
uidA 

Housekeeping gene beta-

D-glucuronidase 
159 

5`-CGAATCCTTTGCCACGCAAG-3` 

5`-TCACAGCCAAAAGCCAGACA-3` 

50 °C x 2 min; 95 °C 

x 20 s; 40 cycles of 

95 °C x 1 s and 60 

°C x 20 s 

93% 

Probe Gene target Sequence 
Cycling 

conditions* 

Amplification 

efficiency* 

uidA-23 uidA 5`-/56FAM/TCGCCCTCC/ZEN/ACTGCCACTGACCG/3IABkFQ/-3` As described for uidA159 primer pair 

 

*: Cycling conditions and amplification efficiency for qPCR 

Assays were  based on a previously published work69. 
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performed using Applied Biosystems®7900HT Fast Real-Time PCR system with 384-

well block module (Thermo Fisher Scientific, Carlsbad, CA, USA) using the cycling 

conditions listed in Table 4.1. For those genes using a Sybr Green reporter, melting curve 

analysis was performed with a dissociation cycle that included an increment of 

temperature from 60 °C to 95 °C, at an interval of 0.5 °C for 5 s. After optimization, copy 

numbers and relative concentrations of each gene to house-keeping gene uidA were 

calculated using Microsoft Excel. These proportions were compared in irradiated and 

dark samples to generate fold-change values that were compared with fold-change values 

generated from RNA-seq analysis. We were limited to one housekeeping gene and two 

other genes due to the low amounts of RNA (and hence cDNA) leftover after RNA-seq 

experiments. 

 

4.3. Results 

4.3.1. Lytic activity and growth curve 

All of the seven isolated bacteriophages showed strain-specific lytic activity against E. 

coli PI-7 but not the other E. coli strains (Table 4.1). The bacteriophages also showed no 

lytic activity against the other tested non-E. coli bacteria.  

The lytic effect of bacteriophages against E. coli PI-7 was also evident by a significantly 

longer duration required to reach a specific optical density in the presence of 

bacteriophages at all tested temperatures and pH (Figure 4.2). Results showed that 

bacteriophages maintained a slowing effect on PI-7’s growth under all tested temperatures 

and pH. To illustrate, E. coli PI-7 took approximately 10 h to increase from OD600nm of 0.1 
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to 1.0 at 37 oC, while the duration increased to approximately 17 h at the same temperature 

and in presence of bacteriophages. The delay in the growth duration was most apparent at 

32 oC compared to the other temperatures (Figure 4.2). In contrast, the delay in the growth 

duration was not apparently different among the three tested pH.  

 

Figure 4.2. Growth curve analysis of E. coli PI-7 with and without bacteriophages. 

 
 

Growth curve analysis results presented as time (h) at which a certain OD600 value 

(0.1-1.0) was reached by E. coli PI-7 inoculum with (■) or without bacteriophages (■) 

under different temperature and pH conditions. 

 

* Asterisks denote statistically significant (p < 0.05) difference between the with and 

without bacteriophages samples. 

 

Results are an average of four measurements for controls and 16 for +bacteriophages 

over two growth curve trials for each condition.  

 

Standard deviations ranged between 0%-25% and were left out of the chart to improve 

clarity. 

 

Three bacteriophages, P1, P4 and P5a were tested individually and as a cocktail. No 

significant differences were detected among these configurations. 

 

4.3.2. Microbial community analysis 

To further assess if the use of bacteriophages would perturb indigenous microbial 

community during its application, microbial communities in activated sludge that 
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received regular dosing of either E. coli PI-7 or bacteriophages, and of the two combined, 

were monitored using high throughput 16S rRNA gene-based amplicon sequencing.  

There was no apparent clustering of samples based on the phage treatment (Figure 4.3). 

Instead, microbial community within each reactor changed temporally over the duration 

of acclimation phase, with the community in the late-acclimation being significantly 

different from early-acclimation (ANOSIM, R-value = 0.740-0.833, p-value = 0.036, 

Table B.3D).  

 

Figure 4.3. Non-metric multidimensional scaling (nMDS) distance matrix of sludge 

reactor samples during the spiking period. 

 
 

Acclimatization-period samples were excluded from this figure for simplicity, and 

showed a temporal shift over the 2 month duration for all reactors with no significant 

divergence between them. Data not shown. 

 

There was no significant difference in microbial communities among the different 

reactors at the early spiking period (p > 0.1, Table 4.2C). However, the presence of 

bacteriophages during the mid-spiking phase resulted in a difference among microbial 
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community between control and treatment (Table 4.2D and Table B.4). Specifically, at 

the mid-spiking phase, unclassified Chitinophagaceae increased in their relative 

abundance from 2.6% of total microbial community in the control to an average ca. 4.2% 

of total microbial community in reactors that received bacteriophages. In contrast, 

unclassified Xanthomonadaceae and Flavobacteriaceae decreased in their relative 

abundance during mid-spiking phase (Table B.5C). However, these perturbations in 

relative abundances were transient as there was no longer any significant difference in 

microbial communities among the different reactors during late spiking period (p > 0.1, 

Table 4.2E). 

 

Table 4.2. ANOSIM results for comparisons of the different sludge macrocosms at each 

experimental stage. 

 

ANOSIM Comparison R p-value ANOSIM Comparison R p-value 

a) Early acclimation   c) Early spiking   

Control vs. PI-7 alone -0.157 0.946 Control vs. PI-7 alone 0.852 0.1 

Control vs. PI-7 + phages -0.111 0.838 Control vs. PI-7 + phages 1 0.1 

Control vs. phages alone -0.126 0.885 Control vs. phages alone 1 0.1 

b) Late acclimation   d) Mid-spiking   

Control vs. PI-7 alone 1 0.333 Control vs. PI-7 alone 0.476 0.002 

Control vs. PI-7 + phages 1 0.333 Control vs. PI-7 + phages 0.522 0.001 

Control vs. phages alone 1 0.333 Control vs. phages alone 0.622 0.001 

   e) Late spiking   

   Control vs. PI-7 alone 0.667 0.1 

   Control vs. PI-7 + phages 0.481 0.1 

   Control vs. phages alone 0.259 0.2 

 

 

4.3.3. Stability of bacteriophages in sunlight 

Simulated solar inactivation trials were first conducted on the seven bacteriophage 

isolates in absence of E. coli PI-7 to determine their stability upon exposure to solar 
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irradiation. Based on the log reduction curves, the three bacteriophages P1, P3 and P5a 

remained relatively stable for the first 2 h, while all other bacteriophages decayed almost 

immediately upon solar irradiation. Upon decay, bacteriophages P1, P4, and P5a 

demonstrated longer half-lives than the other bacteriophages (Figure 4.4). 

 

Figure 4.4. Inactivation curves of bacteriophages under simulated solar irradiation in 

buffer solution. 

 
A) Log10 bacteriophage inactivation 

 
 
B) Natural log bacteriophage inactivation 
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C) Inactivation kinetics 
 
Bacteriophage P1 P3 P4 P5a P5b P6 P7 

Decay constant -1.27 -1.89 -1.20 -1.20 -1.41 -1.57 -1.75 

Decay constant 
after 3h  

-0.39 -1.78 -0.74 -0.81 -0.59 -0.40 -1.52 

Half life (min) a 33.00 22.20 34.80 34.80 29.40 26.40 24.00 

 

Fluence from visible + UV light was 27.78 J/cm2 per hour. Fluence in the UV portion 

alone was 8.11 J/cm2 per hour. See Figure 4.1 for more detail on fluence. 

 

Phages P1, P4 and P5a are the bacteriophages that were selected for further 

experiments based on their stability under solar irradiation and best detectability after 

6 h of irradiation. 

 

Inactivation curves are presented as log10 curves for ease of interpretation, but decay 

constants and half-lives were calculated from the natural log inactivation curves. 

 

Decay constant units are: natural log units/hour. 

 
a: Half-life based on overall decay constants and not just after 3 h. 

 

4.3.4. Solar inactivation in presence of bacteriophages 

The three bacteriophages (P1, P4 and P5a) demonstrated optimal lytic efficacy over a 

wide range of pH and temperature, and exhibited relatively slower decay in presence of 

sunlight. Hence, they were selected to be applied to E. coli PI-7 under simulated solar 

irradiation as a bacteriophage-cocktail, which bacteria are less likely to develop 

resistance against compared to a single bacteriophage. Bacteriophage decay kinetics in 

bacteriophage-supplemented E. coli PI-7 microcosms showed a half-life of 20.88 ± 3.30 

min equating to a fluence half-life of 9.67 ± 1.52 J/cm2 (Figure 4.5). This half-life was 

faster than that observed when bacteriophage were irradiated without their bacterial hosts, 

which ranged between 33.0 to 34.8 min for the three selected bacteriophage candidates. 
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Figure 4.5. Log10 bacteriophage decay kinetics under solar irradiation in presence of their 

host E. coli PI-7. 

 
Fluence from visible + UV light was 27.78 J/cm2 per hour. Fluence in the UV portion 

alone was 8.11 J/cm2 per hour. See Figure 4.1 for more detail on fluence. 

 

The average decay constant of the irradiated samples was -2.04 ± 0.34, and half life 

20.88 ± 3.30 min (equating to a visible + UV fluence half-life of 9.67 ± 1.52 J/cm2). 

 

Inactivation curves are presented as log10 curves for ease of interpretation, but decay 

constants and half-lives were calculated from the natural log inactivation curves. See 

Figure B.2 for the natural log inactivation curves and more detail on inactivation 

kinetics. 

 

Error bars represent standard error from the mean log10 reduction value. 

 

In the absence of bacteriophages, E. coli PI-7 showed a lag phase of 4.11 ± 0.78 h (or 

114.49 ± 21.7 J/cm2) during which there was no detectable reduction in viable cell 

numbers, while the addition of bacteriophages reduced this lag-phase length to 1.82 ± 

0.60 h (or 50.70 ± 16.71 J/cm2; p ≤ 0.0001) (Figure 4.6 and Table 4.3). Upon the onset of 

inactivation, there was no significant difference in decay constants (k*), and therefore, 

the half-life of E. coli PI-7 in presence (12.09 ± 3.92 min; 5.61 ± 1.82 J/cm2) or absence 

(8.63 ± 2.78 min; 3.88 ± 1.29 J/cm2) of bacteriophages (p-value = 0.2000; Table 4.3). 

R² = 0.9509
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Figure 4.6. Inactivation curves of E. coli PI-7 with (●) and without (●) bacteriophages 

under simulated solar irradiation in buffer solution. 

 
 

Fluence presented in charts is from visible + UV light and was 27.78 J/cm2 per hour. 

Fluence in the UV portion alone was 8.11 J/cm2 per hour. See Figure 4.1 for more 

detail on fluence. 

 

Inactivation curves are presented as log10 curves for ease of interpretation, but decay 

constants and half-lives were calculated from natural log inactivation curves. See 

Figure B.3 for the natural log inactivation curve. 

 

Error bars represent standard error from the mean log10 reduction value. 

 

The inactivation kinetics were also examined in treated wastewater. The bacteriophage 

mix maintained its effect in shortening lag phase length from 4 h to 2 h in wastewater 

effluent (p-value = 0.0018), and from 4 h to 2.5 h in chlorinated effluent (p-value = 

0.0151, Table 4.3). The decay constant k*,and therefore the half-life length did not 

change statistically significantly with bacteriophage addition in the effluent (9.59 ± 3.60 

min, p-value = 0.3371), nor in the chlorinated effluent (13.67 ± .84, p-value ≥ 0.2500) 

compared to the control (Table 4.3).
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Table 4.3. Inactivation kinetics of E. coli PI-7 with and without bacteriophages in PBS buffer, and filtered wastewater effluent and 

chlorinated effluent waters. 

(A) E. coli PI-7 PBS Effluent Chlorinated effluent 

Irradiated Sample size 8 4 4 
 

Lag phase length (h) 4.11 ± 0.78 4.00a 4.00a 
 

Lag phase fluence (J/cm2) 114.49 ± 21.7 111.43 a 111.43 a 
 

Decay constant k* -5.34 ± 1.90 -6.26 ± .03 -4.09 ± 0.12 

 
Half-life length (min) 8.36 ± 2.78 6.65 ± .03 10.32 ± 0.24 

 
Half-life fluence (J/cm2) 3.88 ± 1.29 3.09 ± 0.01 4.79 ± 0.11 

(B) E. coli PI-7 + bacteriophages 
 

PBS Effluent Chlorinated effluent 

Irradiated Sample size 9 4 4 
 

Lag phase length (h) 1.82 ± 0.60 2. 00a 2.50 ± 1.00 
 

Lag phase fluence (J/cm2) 50.70 ± 16.71 55.71 a 69.64 ± 27.86 
 

Decay constant k* -3.78 ± 1.23 -4.84 ± 1.80 -3.09 ± .42 
 

Half-life length (min) 12.09 ± 3.92 9.59 ± 3.60 13.67 ± .84 
 

Half-life fluence (J/cm2) 5.61 ± 1.82 4.45 ± 1.67 6.35 ± 0.39 

Errors after the ± sign represent standard deviation from the mean. Decay constant units are: natural log units/hour. 
a No standard deviation is shown because all replicates resulted in the same value due to the low sampling resolution of hourly 

intervals. 

*Decay constants (negative slopes of natural log inactivation over time curves) were mathematically corrected for light attenuation.  

Each set of inactivation kinetics data was based on at least three biological replicates. 

Fluence values presented were for visible + UV light. Fluence of UV light alone was approximately 29.12% of the former. Fluence 

from visible + UV light was 27.78 J/cm2 per hour. Fluence in the UV portion alone was 8.11 J/cm2 per hour.  See Figure S1 for 

more detail on fluence.  
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4.3.5. Overview of transcriptomic response under phage-supplemented 

solar inactivation 

RNA-seq analysis was performed to compare the response to solar irradiation in the 

samples exposed to only solar irradiation (referred to as SI-alone) and those 

supplemented with bacteriophages E. coli PI-7 samples (SI+Phages) at the gene 

expression level. Gene expression for each of the two experimental conditions was 

analyzed independently by comparing the gene response of the irradiated sample to that 

of its corresponding dark control at each time point. Overall, a total of 1601 genes were 

significantly up/down-regulated in  SI+Phages experiments, and 800 genes in  SI-alone 

experiments (Table 4.4). Specifically, the response for both SI-alone and SI+Phages 

samples was dominated by downregulation at the initial time points, with 80% and 87% 

of responding genes being downregulated at t=1 h in SI+Phages and SI-alone samples, 

respectively (Figure 4.7A and 4.7B). However, the proportion of gene upregulation 

increased with the duration of exposure to solar irradiance, with 65% and 67% of 

responding genes being upregulated at t=10 h in SI+Phages and SI-alone samples, 

respectively. The trend and proportion of up/down-regulation observed in mid-lag and 

mid-decay phase of E. coli PI7 in this study, where downregulation is the dominant initial 

response in most genes and more genes gradually show upregulation, were similar to 

those observed in an earlier study (Figure 4.7C, Table 4.4)20.  

Out of all genes that were significantly up/down-regulated, 735 were shared between 

irradiated E. coli PI-7 samples with and without bacteriophage (Table 4.4). This meant 

that 866 genes were uniquely up/down-regulated for SI+Phages samples, higher than the 

65 genes uniquely up/down-regulated for SI-alone samples. Among these uniquely 
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Table 4.4. Summary of transcriptomic results. 

A) Total – SI+Phages 

Number of total responding genes = 1601  

 B) Total – SI-alone 

Number of total responding genes = 800  

C) SI-alone, previous work 

Time (h) t=1 t=2 t=4 t=6 t=10  
 Time (h) t=1 t=2 t=4 t=6 t=10  Time (h) t=3 t=6.5 t=9 t=14.5  

Downregulated 320 700 403 340 424  
 Downregulated 180 338 215 205 111  Downregulated 300 360 283 118  

Upregulated 78 182 144 169 781  
 Upregulated 28 105 88 149 226  Upregulated 96 475 1066 701  

Sum 398 882 547 509 1205  
 Sum 208 443 303 354 337  Sum 396 835 1349 819  

D) Unique – SI+Phages 

Number of unique responding genes = 866 
Number of shared responding genes = 735  

 E) Unique – SI-alone 

Number of unique responding genes = 65 
Number of shared responding genes = 735        

Time (h) t=1 t=2 t=4 t=6 t=10  
 Time (h) t=1 t=2 t=4 t=6 t=10        

Down-regulated 199 432 260 191 308  
 Down-regulated 60 64 70 58 4        

Up-regulated 67 113 109 118 633  
 Up-regulated 16 42 55 96 69        

Sum 266 545 369 309 941  
 Sum 76 106 125 154 73        

 

Summary of transcriptomic results in terms of total numbers of responding genes that were up- or down-regulated relative to each 

point’s respective dark control. 

(A-E): Percentage of responding genes that was up- or down-regulated at each time point. (A) and (B) show the total responding 

genes, while (D) and (E) show unique genes that only responded in their respective sample type (SI+Phages vs SI-alone). (C) 

shows the response in solar irradiated E. coli PI-7 based on data from our previous work1 (the results were not presented in this 

detailed trend format in the previous publication). 

The total number of annotated genes for E. coli PI-7’s reference genome used in these studies was 4,471. 

See Figure 4.7 for percentage of up- vs. down-regulation. 

SI+Phages indicates samples exposed to the combined solar irradiation and bacteriophage treatment. SI-alone indicates samples 

that were exposed to solar irradiation alone.  
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Figure 4.7. Summary of transcriptomic response. 

 
Light gray denotes upregulated genes, Dark gray denotes downregulated genes. (A-E): Percentage of responding genes that was up- 

or down-regulated at each time point. (A) and (B) show the total responding genes, while (D) and (E) show unique genes that only 

responded in their respective sample type (SI+Phages vs SI-alone. (C) shows the response in solar irradiated E. coli PI-7 based on 

data from our previous work1 (the results were not presented in this detailed trend format in the previous publication). 

See Table 4.4 for total numbers of responding genes. 

SI+Phages indicates samples exposed to the combined solar irradiation and bacteriophage treatment. SI-alone indicates samples 

that were exposed to solar irradiation alone.  
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differentially-expressed genes, there was higher percentage of genes that were 

downregulated at all examined time points except t = 1 h in the SI+Phages E. coli PI-7 

samples compared to SI-alone (Figure 4.7D and E, and Table 4.4).  

 

4.3.6.  Transcriptomic response induced due to direct killing mechanism by 

bacteriophages 

Lytic bacteriophages employ direct killing mechanisms on bacterial hosts by traversing 

through the cell wall structures33. Moreover, the cell wall is the first site of damage by 

sunlight, and our previous work found increased expression in cell-wall component 

synthesis, cell capsule and extracellular polymeric substances (EPS) that contributed to 

extended survival of E. coli PI-720. Therefore, emphasis was made to compare expression 

profiles of the genes related to cell-wall structures, cell capsule and EPS (see Table B.6), 

especially during the early time points since the difference in inactivation kinetics 

between SI+Phages and SI-alone samples took place before t = 4 h. 

It was observed that several transmembrane and peripheral membrane proteins were 

downregulated in the presence of bacteriophages compared to under SI-alone. For 

example, inner membrane transport protein YbaT gene was upregulated to higher fold-

change levels in SI-alone –although statistically significantly only at t = 8 h- while 

SI+Phages samples significantly downregulated it at t = 1 and 2 h (Table B.6:1.2). The 

sulfate and thiosulfate import protein CysA gene and a gene for an membrane lipoprotein 

clustered with the transmembrane ion transporters TehA/TehB were also downregulated 

in SI+Phages samples at t = 1 and 2 h, and t = 4 h, respectively (Table B.6:1.2). Survival 

protein SurA precursor gene, a chaperone involved in the correct folding and assembly of 
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outer membrane proteins, was also downregulated at t= 1 to 6 h in SI+Phages samples 

(Table B.6:1.6). Furthermore, multiple components for cell-wall and capsule synthesis 

were downregulated in the presence of bacteriophages in SI+Phages experiments (Table 

B.6:5-5.2), which likely compromised the cell wall structure of E. coli PI-7.   

 

4.3.7. Bacteriophage-induced transcriptomic responses that rendered E. coli 

PI-7 more susceptible to solar irradiation 

Solar irradiation upregulated the recA gene which triggers the activation of LexA– 

evident at t = 2 h (Table B.6:2.3)- and subsequently activates DNA repair system to 

repair solar-induced damages. Similar to an earlier study on solar-irradiated E. coli PI-7 

(without bacteriophage addition)20, SI-alone samples in this current study upregulated 

DNA metabolism and repair functions like cytosine-specific DNA methyltransferase, 

DNA-binding protein HU-beta, Holliday junction DNA helicase RuvB and DNA-

damage-inducible protein D genes (Table B.6:2-2.3). In contrast, 52% of the genes 

associated with DNA repair category were downregulated in SI+Phages samples 

(compared with 26% in SI-alone). These include methylated-DNA-protein-cysteine 

methyltransferase, exodeoxyribonuclease VII, formamidopyrimidine-DNA glycosylase, 

DNA polymerases and recR (Table B.6:2-2.3).  

 Next, oxidative stress functions were examined as they play an important role in 

coping with damage from solar irradiation and its associated reactive oxygen species 

(ROS). SI-alone samples upregulated genes associated with oxidative stress response, 

including iron superoxide dismutase and catalase/peroxidase and hydrogen peroxide-

inducible activator genes, while another catalase was downregulated (Table B.6:1.5). In 
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SI+Phages samples on the other hand, although regulatory protein SoxS gene was 

upregulated, redox-sensitive SoxR gene was downregulated along with 82% of genes 

associated with oxidative stress response. The downregulated genes of this category 

include glutamate-cysteine ligase, lactotylglutahione lyase, catalase/peroxidase gene, 

glutaredoxin 2, and a glutaredoxin-related protein (Table B.6:1.5).  

Furthermore, other stress-coping mechanisms including biofilm formation and quorum 

sensing were also investigated. The biofilm regulator BssR gene was upregulated in both 

sample types upon solar irradiation. Three autoinducer 2 (AI 2) related genes were 

upregulated in SI-alone samples starting at t= 1 h. In contrast, they were downregulated at 

t =2 h in SI+Phages samples –although the fold induction was not statistically significant- 

(Table B.6:4). 

 

4.3.8. RNA-seq confirmation by RT-qPCR 

Confirmation experiments using RT-qPCR were performed on 23 RNA samples after 

cDNA synthesis. For 26 out of 36 analyzed sample pairs (dark-irradiated), the results of 

RT-qPCR were in good agreement with RNA-seq (Figure 4.8). For the remaining 

contradictions (11), in most of them (9) were in sample pairs where the RNA-seq fold-

change was statistically insignificant or was close to 1 (i.e. no fold-change) for that 

particular replicate. 
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Figure 4.8. RNA-seq and RT-qPCR fold-change in irradiated relative to dark samples 

normalized against housekeeping gene uidA. 

 
For 26 out of 36 analyzed sample pairs (dark-irradiated), the results of RT-qPCR were 

in good agreement with RNA-seq, meaning the fold-change result in the two methods 

matched (19 samples, e.g. panel A, Exp 1 t=10 a), or that the results from the two 

methods were not in direct contradiction (6 samples). That is, an insignificant 

difference was observed between the two methods or lack of statistically significant 

RNA-seq fold-change response (e.g. panel C, Exp 2 t=8 a). 

For the remaining contradictions (11), in most of them (9) were in sample pairs where 

the RNA-seq fold-change was statistically insignificant or was close to 1 (i.e. no fold-

change) for that particular replicate. 
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4.4. Discussion 

Survival of ARB in treated wastewater poses a risk upon release of these effluents to the 

environment, particularly during wastewater reuse events. Solar irradiation can serve as a 

low-cost natural biocidal strategy to mitigate this potential concern. Although solar 

irradiation was demonstrated to reduce the bacterial cell numbers, including ARB, by up 

to 5-log over a 24 h duration15-20, gene expression response analysis revealed that ARB 

like the NDM-positive and pathogenic strain E. coli PI-7 upregulated a large number of 

stress response and cellular repair functions to enable a subpopulation of its cells to 

survive solar irradiation20. Downregulation of phage shock protein genes as well as 

upregulation of genes related to phage DNA transfer, phage component synthesis and 

phage stability were also observed. Furthermore, the ultraviolet portion of the light 

spectrum has been demonstrated to induce lytic activity of bacteriophages through the 

activation of RecA and LexA34. These observations suggested that E. coli might be more 

vulnerable to bacteriophage infection under solar irradiation. This work aimed to take 

advantage of that phenomenon, hypothesizing that adding in bacteriophages specific to 

ARB such as E. coli PI-7 alongside exposure to sunlight could sensitize the bacterial host 

to solar irradiation and help achieve a faster die-off. 

Before coupling bacteriophages with solar irradiation to mitigate the threat of NDM-

positive E. coli PI-7, these bacteriophages were assessed for their host specificities. This 

is to avoid using bacteriophages that would cause undesirable ecological impacts by 

perturb the functionality of wastewater treatment system or natural environments through 

unintended-target activity. All bacteriophages isolated in this study showed lytic activity 

only against E. coli PI-7, suggesting that they would be a suitable biocontrol tool for E. 
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coli PI-7, and that natural environmental microbiota would not be affected by the 

application of these bacteriophages. The bacteriophages were able to slow down E. coli 

PI-7’s growth in vitro by at least 4 h and up to 14 h under different temperature and pH, 

showing that infectivity was maintained at a wide range of environmental conditions. 

Moreover, although the growth of the E. coli in presence of its bacteriophages seems 

unintuitive, this is a common observation in literature35-40. Some authors have attributed 

this to the development of resistance to phage infection, but without experimentally 

investigating this hypothesis38, 40. Other interpretations attribute this regrowth to the 

phage density balance, which cannot maintain effective infectivity when below a certain 

threshold relative to host density39. Although we aimed to achieve an MOI of 1 at the 

start of these experiments, however cycles of phage infection and cell death and survival 

can affect the densities of bacteriophages and/or bacteria over time. Other explanations 

may also include host bacteria entering a less active physiological states after several 

hours of incubation, perhaps accompanied by biofilm formation, preventing phage-

induced cell lysis41, 42. 

Next, these bacteriophages were also assessed for their stability in response to solar 

irradiation by comparing their Ln first order decay kinetics. This was to select 

bacteriophages that are best able to remain viable in sufficient abundance to infect the 

intended bacterial host. Generally, the observed bacteriophage inactivation kinetics were 

linear, unlike the shouldered inactivation curves observed from E. coli in our current and 

previous solar inactivation studies20. These observations are considered typical of viral 

and bacterial inactivation curves, respectively18. Differences in the decay rates between 

individual bacteriophage isolates were not significant. However, three bacteriophage 
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isolates, P1, P4 and P5a, were selected as the best candidates based on their stability 

under solar irradiation in terms of their decay rate and half-life, and based on their effect 

in slowing down E. coli PI-7’s growth under different temperatures and pH in the OD-

based experiments. The bacteriophages were administered in solar irradiation 

experiments as a cocktail since previous studies showed that bacteria are less likely to 

develop bacteriophage-insensitive mutants  to a mixture of viruses rather than a single 

bacteriophage isolate43-46. When these three bacteriophages were inoculated with E. coli 

PI-7 and exposed to solar irradiation, the bacteriophages demonstrated a slower decay 

half-life than their bacterial host. Indicating they are  persisting sufficiently with their and 

theoretically imposing infectivity on E. coli PI-7 throughout the solar irradiation period. 

Interestingly, bacteriophage decay was faster when the phages were exposed alone to 

solar irradiation compared to in combination with their bacterial hosts. This may be 

explained by bacterial cells internalizing the bacteriophages at early stages in the 

experiment, making fewer of them available for quantification, combined with the 

inability of nutrient limited as well as solar irradiation-stressed bacteria to support phage 

replication properly. Moreover, more ROS may have been produced as a result of solar 

irradiation in the medium when host cells and their intra- and extra-cellular compounds 

were present47-49, compared to when the medium only contained the bacteriophages. And 

these ROS can cause damage the bacteriophage particles and may have contributed to the 

shorter bacteriophage solar inactivation half-life in presence of host cells49, 50. 

 

Indeed, bacteriophages were able to reduce the length of lag phase shown by the E. coli 

PI-7 before onset of inactivation in PBS and filtered wastewater. Leading to faster overall 
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inactivation which would equate to a lower solar fluence required to inactivate this ARB. 

On the other hand, the half-life length of E. coli PI-7 under solar irradiation was not 

significantly affected by bacteriophage addition. Bacteriophage infectivity is dependent 

on the metabolic activity of the bacterial host, and bacteriophage proliferation is also 

determined by the productivity and abundance of the host population51. Therefore, since 

bacterial numbers began to significantly decrease after the lag phase, it is likely that the 

bacteriophages’ ability to be infectious and effective against E. coli PI-7 was reduced by 

that point. Moreover, decreasing bacteriophage numbers upon solar exposure may have 

interfered with the ability of bacteriophages to infect E. coli PI-7. 

Gene expression was analyzed using RNA-seq to elucidate the response of E. coli PI-7 

under bacteriophage-supplemented solar irradiation. The response at initial time points 

was dominated by downregulation of gene functions in both SI-alone and SI+Phages 

experiments. The same was observed in our previous work analyzing E. coli PI-7’s 

response to solar irradiation, and it appears that bacterial cells may adopt this strategy in 

response to solar irradiation stress and other types of stress in general20, 52, 53. However, 

SI+Phages experiments showed a response in higher numbers of total and unique genes at 

each time point. This different response to the SI-alone treatment show how E. coli PI-7 

attempts to survive the combined treatment by controlling additional functions. The 

response was still dominated by downregulation in total and unique functions in the 

SI+Phages experiments. In literature, most viruses have been observed to shut off or 

downregulate host cellular gene expression to promote viral progeny production. This has 

been observed in bacterial, animal as well as plant cell viral infection54, 55. Previous work 

using microarray analysis of gene expression in bacteriophage PRD1-infected E. coli 
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cells found that changes in host gene expression in response to infection were relatively 

moderate29, with no major reprogramming of the cell physiology nor pronounced 

transcriptional activation of genes involved in the biosynthesis of amino acids, 

phospholipids, or nucleotides. The authors calculated the quantity of substrate molecules 

utilized for the production of progeny virions and found that only a fraction (5-15%) of 

the host capacity to synthesize DNA, proteins, and phospholipids was needed. Therefore, 

the lack of global gene activation response and the dominance of downregulation are not 

surprising. Moreover, E. coli PI-7’s downregulation of higher numbers of genes at the 

initial time points in SI+Phages experiments may have been the result of it shutting down 

its functions as a defensive response to being overwhelmed by the combined treatment.  

Specific genes and gene categories were further examined to explain the response of E. 

coli PI-7 to combined bacteriophage infection and solar irradiation. Bacteriophages 

exposed to UV light have been shown to enter into the lytic phase of their cycle and 

induce bacterial killing mechanisms when activated RecA interacts with CI repressor of 

bacteriophages, resulting in cleaved CI that stimulates lytic phase56. In this work, the 

recA gene was upregulated in response to solar irradiation in both SI-alone and 

SI+Phages experiments. In a similar experimental context, upregulation of the recA gene 

was previously observed in the presence of sunlight 20. As recA can trigger 

bacteriophages to enter into lytic mode and cause damage to their hosts, its upregulation 

could have contributed to reducing E. coli PI-7’s lag phase when bacteriophages were 

present. Moreover, the dark control microcosms that had E. coli PI-7 with bacteriophages 

but no solar irradiation did not show significant reductions in culturable cell numbers. 

This further indicates the combination of bacteriophages with solar irradiation is able to 
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sensitize the bacteria more effectively, and possibly thanks to recA-mediated solar 

irradiation- trigger entry into the lytic cycle.   

With the cell wall being the first site of solar damage and the barrier for bacteriophage 

infection, cell wall, cell capsule and EPS synthesis and transport functions were 

examined. Our previous study on solar irradiated E. coli PI-7 (without bacteriophages) 

instead found upregulation of many cell capsule and EPS functions20. A microarray study 

on another E. coli’s response to bacteriophage infection also detected a significant 

induction of several genes involved in the synthesis of the colonic acid capsule 29, which 

was inferred to be a mechanism for superinfection immunity. In this work, SI+Phages 

experiments showed downregulation in several cell wall and EPS-related functions. 

Earlier studies determined that bacteriophages encode lytic and holin proteins as ways of 

compromising the cell wall to traverse their viral DNA into the host cytoplasm33. No 

literature is available to suggest that bacteriophages are able to induce downregulation in 

bacterial host’s cell wall functions. But we hypothesize that combined bacteriophage and 

solar irradiation stress interfered with E. coli PI-7’s ability to mount defenses, 

overwhelming them and leading to the downregulation of cell wall functions. This may 

have compromised E. coli PI-7 to bacteriophages by allowing improved penetration of 

bacteriophages through the weakened physical barriers surrounding the cell. We infer this 

from our observations that genes related to bacterial cell wall, especially 

exopolysaccharides and many of the genes encoding for transmembrane proteins, being 

downregulated. This downregulation in cell wall functions also means increased 

vulnerability to solar irradiation given the lack of cell wall synthesis/repair and 

production of protective extracellular layers. 
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The gene expression results also suggest that the combined SI+Phages treatment 

increased the susceptibility of E. coli PI-7 towards solar irradiation by downregulating 

responses in oxidative stress and DNA repair functions – both of which are gene 

categories implicated in prolonged survival to UV and solar irradiation20. Our earlier 

study found an upregulation of catalases that scavenge hydrogen peroxides in E. coli PI-7 

exposed to sunlight (without bacteriophage addition), suggesting that hydrogen peroxide 

may be the predominant reactive oxygen species prevalent during solar irradiation20. In 

SI+Phages experiments in this study, genes related to the synthesis of glutathione and its 

precursors were downregulated in E. coli PI-7. Glutathione also functions to reduce 

hydrogen peroxide to harmless water molecules57, and the downregulation of its related 

genes in presence of bacteriophages could have made E. coli PI-7 more susceptible to the 

ROS induced by solar irradiation, explaining shortened persistence under the combined 

SI+Phage.   

Furthermore, the gene associated with methylated-DNA-protein-cysteine-methyl-

transferase was downregulated in E. coli PI-7 in SI+Phage experiments. The 

methyltransferase is primarily involved in cellular defense against the mutagenic effects 

of O6-methylguanine and O4-methylthymine (i.e., methylated DN)58-61. Sunlight has 

been shown to alter DNA methylation patterns in mammalian systems62. Although the 

same detrimental effect has not been studied in bacterial cells, it is possible that a 

mutagenic effect was induced due to DNA methylation by sunlight. Moreover, bacteria 

have been shown to utilize restriction-modification systems to distinguish self and 

foreign DNA63. They do this by expressing DNA methyltransferases that methylate 

specific adenine or cytosine residues in their genome and protect the host genome from 
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restriction enzyme cleavage which may protect them from bacteriophages’ genomic 

materials63.  Therefore, the reduced ability to transfer the methyl group to a cysteine 

residue of the methyltransferase enzyme may have contributed to accelerating E. coli PI-

7’s decay in the presence of both bacteriophages and sunlight.  Many of the DNA repair 

genes in SI+Phages experiments were only activated at the last measured time point of 10 

h, leaving the E. coli vulnerable to accumulating DNA damage in the early time points. 

At 10 h, detectable bacteriophage PFUs had become reduced by 5-logs and possibly lost 

their activity, which may have allowed E. coli PI-7 to restore its ability to mount defenses 

to damage from solar irradiation. However, bacterial numbers were reduced by ~ 99.99% 

at that point. 

 

4.5. Conclusion 

Overall, this study demonstrates the use of bacteriophages as an ecologically safe tool to 

improve solar disinfection efficacy against an antibiotic-resistant pathogen like E. coli PI-

7. Specifically, coupling bacteriophages with solar irradiation shortened the time and 

solar fluence needed to trigger decay of E. coli PI-7. Our findings further illustrate the 

mechanisms involved in responses to bacteriophage-supplemented solar irradiation, 

showing how the combined treatment is able to overwhelm E.coli PI-7’s extended 

persistence. Sunlight acted as a stressor that can induce the infective bacteriophages to 

enter into lytic mode, which adds more stress on the bacterial host and leads to cell lysis . 

Bacteriophage-supplemented E. coli PI-7 was also more susceptible to solar irradiation 

due to a reduced ability to perform cell wall and DNA repair, as well as impeded gene 

expression of functions related to defense mechanisms like oxidative stress response. It is 
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envisioned that bacteriophages can be used in this manner in the last stage of the 

wastewater treatment process. For example, bacteriophages could be applied in open-air 

holding tanks of post-chlorinated effluent, and subsequently exposed to solar irradiation 

for approximately 4 h to aid in inactivation of remaining ARB prior to reuse or discharge 

of treated waters. This short exposure time would not provide sufficient time for the 

bacterial hosts to develop resistance to bacteriophages since their metabolic activity and 

proliferation efficiency would be impeded by the presence of sunlight. However, future 

studies should aim to determine the potential of phage-resistance arising over long-term 

continuous cycles of application. Host-range characterization of the bacteriophages in 

this study showed high specificity to E. coli PI-7. A positive pint for unwanted infective 

activity, but a limitation on the potential of bacteriophages as aids for ARB-control. 

Research into bacteriophage application in such environmental and wastewater settings is 

in its early stages. Future research efforts should aim to widen the net of bacteriophage 

treatments to better capture concerning emerging contaminants, through exploring the use 

of poly-valent phages which have broader host ranges, engineered phages designed to 

target desired bacteria, or cocktails of bacteriophages that target a variety of microbial 

threats. 

 

4.6. Supplementary Information 

Tables: RNA-seq mapping quality for bacteriophage supplemented and control 

experiments, ANOSIM comparisons of sludge microbial communities at each 

experimental stage, SIMPER similarity results for each sludge reactor at the mid-spiking 

stage, SIMPER dissimilarity results between sludge reactors at the mid-spiking stage, , 
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fold-change in responding genes organized by gene category. Figures: Inactivation curve 

to illustrate the lag-phase concept, natural log bacteriophage decay with E. coli PI-7 under 

solar irradiation, natural log inactivation curves of E. coli PI-7 with and without 

bacteriophages under simulated solar irradiation. 
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5. Conclusion 

5.1. Summary of conclusions 

Water reuse has long been recognized as a potential intervention strategy in addressing 

water scarcity in Saudi Arabia since the 1980s at least1, however, there is still a lack of 

national policies and comprehensive studies aimed at investigating the potential impacts 

of current and future water reuse practices including impacts on human and 

environmental health2. The sustainable reuse of wastewater is an essential component of 

the water-energy-food nexus, and the challenges pertaining to safety of its application 

from emerging microbial threats are necessary to address. To overcome this challenge 

and pave a smoother way for incremental wastewater reclamation, it is important to (i): 

better assess the risks associated with such microbial threats like the ARB and ARGs, and 

(ii): to utilize suitably low-cost, safe and sustainable disinfection strategies post-treatment 

to mitigate those risks. This dissertation was designed to address both of those points. 

 

Chapter 2 of this dissertation ventured to collect information on presence of emerging 

microbial contaminants in the natural environment, and how wastewater and treated 

effluents perturb those environments. Chapter 2 collated information on fate of these 

emerging contaminants and thereby provided an overview on the extent of risk that may 

be associated with them. Specifically, the chapter focused on the recently discovered 

NDM antibiotic resistance gene that confers resistance to last-line-of-defense antibiotics, 

its spread around the globe and its persistence through wastewater treatment schematics. 

Next, this chapter further explored the risk from emerging microbial contaminants when 
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they reach soils and plant surfaces in reclaimed-water irrigation settings, inferring 

possible routes of ARG transfer, ARB accumulation and exposure from available 

literature on horizontal gene transfer and internalization of bacteria into crops and plants. 

Chapter 2 collated information that furthers our understanding of the risks, with the 

intention of using these information to guide regulation when considering water reuse. 

Another aspect that Chapter 2 begins exploring in this dissertation is the use of solar 

disinfection and bacteriophage as natural, low-cost tools to tackle emerging microbial 

contaminants. Literature related to solar disinfection efficacy against antibiotic resistant 

wastewater bacteria was found to be particularly lacking. Existing literature that 

demonstrates solar disinfection efficacy on wastewater bacteria in general showed widely 

variable results in terms of amount of time required. This highlighted a knowledge gap 

that would need to be addressed. 

 

In Chapter 3, the inactivation response of two E. coli isolates under simulated solar 

irradiation was examined. One of them was a wastewater-isolated, pathogenic and highly 

antibiotic resistant isolate carrying the NDM-1 gene, named E. coli PI-7. The other was a 

commercially available clinical isolate: E. coli DSM1103, which is non-pathogenic and 

much less antibiotic resistant. Chapter 3 aimed to further our understanding on the fate 

and persistence of an emerging microbial contaminant under solar irradiation. These 

findings help gauge associated risks, and can additionally guide the use of sunlight as a 

mitigation tool to inactivate emerging microbial contaminants using the information on 

how it inactivated our intended bacterial target. It was found that although sunlight 
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successfully achieved 5-logs of removal for both E. coli strains, E. coli PI-7 took twice 

the amount of time as E. coli DSM1103 to reach that inactivation level. 

 

Chapter 3 further contributed to understanding the survival strategies adopted by both E. 

coli strains when exposed to sunlight. This was achieved by mapping the transcriptomic 

response of the two bacterial isolates under exposure to solar irradiation, revealing a 

larger and more complex response in the overall expression of regulatory, protective and 

repair mechanism genes in E. coli PI-7 compared to DSM1103. This may explain why E. 

coli PI-7 exhibited prolonged survival, despite many of the survival functions it 

expressed being shared with the other E. coli isolate. This analysis also showed that both 

E. coli strains displayed upregulation of virulence functions –with a wider arsenal of such 

genes being upregulated in the virulent E. coli PI-7- upon solar irradiation. Results from 

Chapter 3 provided insights to the possible risks associated with ARBs upon their 

dissemination, and suggests improved capacity to resist stressors and inactivation that the 

non-ARB bacteria was sensitive to. Additionally, Chapter 3 also found gene expression 

responses that rendered both E. coli isolates more susceptible to bacteriophage infection 

under solar irradiation. 

 

Bacteriophage therapy is the second low-cost mitigation tool explored in this dissertation. 

Chapter 2 reviews the use of bacteriophages as bio-control tools and finds promising 

literature on clinical application of bacteriophages against ARBs, and positive findings 

for control of problematic bacteria that cause sludge filamentation or membrane bio-

fouling in wastewater treatment settings. However, limited literature was found to 
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demonstrate the use of bacteriophages as a supplementary mitigation strategy to further 

the inactivation of wastewater ARB. Chapter 4 of this dissertation combines solar 

disinfection and bacteriophage treatments and applies them against E. coli PI-7, assessing 

this strategy in its ability to hasten this ARB’s inactivation time and revealing the 

molecular mechanisms influencing its resistance and susceptibility patterns. Chapter 4’s 

results found that bacteriophages were able to overwhelm this bacteria’s capacity to resist 

solar inactivation, significantly reducing the lag-phase length (i.e., number of hours 

required to begin showing log-reduction in bacterial numbers). Chapter 4 also assessed 

the safety of the used bacteriophages’ application, considering that they are infectious 

agents, in terms of affecting non-target microbial communities and found that they 

showed a high degree of specificity to E. coli PI-7 using culture-based methods. While 

the high-throughput molecular based approach that monitored an activated sludge 

microbial community showed only a transient effect on community structure during 

bacteriophage application. 

 

Overall, this dissertation contributed to a better understanding of emerging microbial 

threats, emphasizing the risks associated with their dissemination and, resistance to 

treatments and activation of antibiotic resistance and/or virulence genes in response to 

treatment stress. We found encouraging results when applying sunlight and sunlight 

supplemented with bacteriophages as low-cost and natural methods for mitigation, and 

demonstrate the potential of using these methods to improve safety of effluents to 

facilitate safer wastewater reuse.  
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5.2. Future work 

Although the findings of this dissertation are useful, and will hopefully contribute to 

meaningful shifts in future practices and research directions related to wastewater 

treatment and reclamation, there still remain numerous areas that need further 

investigation. 

 

In Chapter 3, solar inactivation showed favorable results. However, as this study only 

relies on simulated solar disinfection experiments where temperature and fluence rates 

were constant throughout the exposure duration. This is not representative of real sunlight 

conditions. Sunlight is indeed abundant in most areas of Saudi Arabia, and daytime hours 

are long most of the year. However, sunlight may not be a good treatment option in cases 

where solar irradiance is weak or daytime hours short, nor would it be effective in 

conditions that does not allow full penetration of sunlight (e.g. extensive cloud cover, 

turbid waters, deep ponds etc.). There is, therefore, a need to further assess solar 

disinfection in these potentially challenging circumstances to ensure successful 

application of this strategy. There is also a need to test its efficacy on a larger variety of 

antibiotic resistance bacteria, and to assess inactivation effect on ARGs –another sub-

category of emerging biological contaminants that usually exhibit different inactivation 

and persistence behavior compared to ARBs.  

 

Chapter 4 explored bacteriophage application as a sensitization tool but did so on a small 

lab-scale. Literature reported the possibility and actual practice of large-scale application 

in uses like food preservation. However, more investigation is needed for full-scale 
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application into large liquid volumes in post-treatment of wastewater effluents, as well as 

to address other limitations of bacteriophages as mitigation tools. For example, 

environmental factors can confound bacteriophage-host interactions and diminish their 

efficacy. And issues related to bacteriophages propagation when their host is lacking or 

reduced in numbers –sometimes due to bacteriophage infection itself– can result in lower 

infectivity rates. Moreover, the bacteriophages used in this study were highly specic to 

their host. In real application, it is not practical to isolate and enrich bacteriophages for 

each emerging microbial contaminant separately. The use of broader host-range 

bacteriophages is a possible way to widen the target range of bacteriophages. However, 

laborious trial and error-based efforts would be required to find the desired bacteriophage 

isolates, and there is the potential that polyvalent bacteriophages would incur unwanted 

side effects on non-target bacteria. The use of engineered bacteriophages to target certain 

traits may also offer an alternative.  

 

Despite the contributions this dissertation has made in proposing and evaluating the use 

of low-cost natural disinfection strategies, it remains necessary to ultimately take a 

holistic approach to water resource and wastewater reclamation management. This 

dissertation has generated information to aid in that, but more work is needed to deepen 

the insights and bring them closer to application. It is essential that all aspects of 

microbial safety, in terms of findings and research directions, are aligned into the bigger 

picture of reclaimed wastewater quality, wastewater reuse, and future water-energy-food 

sustainability. 
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Table A.1. RNA-seq mapping results for E. coli PI-7. 

 

   Reads mapped to CDS regions b Reads mapped to genome 
T

im
e 

(h
) 

Microcosm 

sample 

Reads after 

trimming a 

Uniquely mapped 

reads (%) 

Nonspecifically 

mapped reads 

(%) 

Unmapped reads 

(%) 

Uniquely mapped 

reads (%) 

Nonspecifically 

mapped reads (%) 

Unmapped reads 

(%) 

0
 

Exp1 D-a 15,444,160 4,845,780 (31.38) 732,991 (4.75) 9,865,389 (63.88) 13,131,686 (85.03) 849,585 (5.50) 1,462,889 (9.47) 

  D-b 13,588,000 3,926,546 (28.90) 722,996 (5.32) 8,938,458 (65.78) 11,587,430 (85.28) 787,544 (5.80) 1,213,026 (8.93) 

 Exp2 D-c 16,378,002 4,527,904 (27.65) 642,683 (3.92) 11,207,415 (68.43) 15,073,086 (92.03) 390,225 (2.38) 914,691 (5.58) 

  D-d 13,660,428 3,875,758 (28.37) 565,103 (4.14) 9,219,567 (67.49) 12,611,660 (92.32) 315,938 (2.31) 732,830 (5.36) 

3
 

Exp1 D-a 14,088,460 4,428,958 (31.44) 821,530 (5.83) 8,837,972 (62.73) 12,476,438 (88.56) 588,176 (4.17) 1,023,846 (7.27) 

  D-b 25,042,288 7,571,428 (30.23) 1,727,803 (6.90) 15,743,057 (62.87) 22,218,450 (88.72) 1,087,498 (4.34) 1,736,340 (6.93) 

 Exp2 D-c 40,238,272 1,0840,606 (26.94) 2,150,318 (5.34) 27,247,348 (67.72) 37,396,502 (92.94) 871,408 (2.17) 1,970,362 (4.90) 

  D-d 13,432,292 4,155,798 (30.94) 813,407 (6.06) 8,463,087 (63.01) 12,339,104 (91.86) 331,396 (2.47) 761,792 (5.67) 

 Exp1 I-a 26,,429,352 4,241,696 (16.05) 822,211 (3.11) 21,365,445 (80.84) 23,556,312 (89.13) 882,411 (3.34) 1,990,629 (7.53) 

  I-b 23,,977,652 3,891,282 (16.23) 770,154 (3.21) 19,316,216 (80.56) 21,390,502 (89.21) 722,734 (3.01) 1,864,416 (7.78) 

 Exp2 I-c 12,291,282 1,570,730 (12.78) 332,702 (2.71) 10,387,850 (84.51) 11,465,608 (93.28) 157,596 (1.28) 668,078 (5.44) 
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(Continued) Table A.1. RNA-seq mapping results for E. coli PI-7 

 

  I-d 36,637,170 4,571,852 (12.48) 929,162 (2.54) 31,136,156 (84.99) 34,169,310 (93.26) 505,830 (1.38) 1,962,030 (5.36) 
6

.5
 

Exp1 D-a 13,949,762 4,289,990 (30.75) 1,056,767 (7.58) 8,603,005 (61.67) 12,585,402 (90.22) 486,699 (3.49) 877,661 (6.29) 

  D-b 27,042,942 8,000,056 (29.58) 1,945,657 (7.19) 17,097,229 (63.22) 24,324,334 (89.95) 924,013 (3.42) 1,794,595 (6.64) 

 Exp2 D-c 22,959,496 6,401,804 (27.88) 1,422,866 (6.20) 15,134,826 (65.92) 21,588,026 (94.03) 331,214 (1.44) 1,040,256 (4.53) 

  D-d 13,131,734 3,601,840 (27.43) 789,544 (6.01) 8,740,350 (66.56) 12,211,974 (93.00) 345,898 (2.63) 573,862 (4.37) 

 Exp1 I-a 18,844,808 1,621,614 (8.61) 258,924 (1.37) 16,964,270 (90.02) 17,091,268 (90.69) 594,743 (3.16) 1,158,797 (6.15) 

  I-b 20,577,680 1,758,406 (8.55) 291,780 (1.42) 18,527,494 (90.04) 18,479,942 (89.81) 860,386 (4.18) 1,237,352 (6.01) 

 Exp2 I-c 21,039,096 1,434,716 (6.82) 240,914 (1.15) 19,363,466 (92.04) 19,910,708 (94.64) 249,888 (1.19) 878,500 (4.18) 

  I-d 8,605,052 327,498 (3.81) 50,071 (0.58) 8,227,483 (95.61) 8,099,418 (94.12) 201,274 (2.34) 304,360 (3.54) 

9
 

Exp1 D-a 23,269,980 6,507,794 (27.97) 1,561,815 (6.71) 15,200,371 (65.32) 20,998,674 (90.24) 888,322 (3.82) 1,382,984 (5.94) 

  D-b 13,150,170 3,513,402 (26.72) 1,006,087 (7.65) 8,630,681 (65.63) 11,709,264 (89.04) 627,492 (4.77) 813,414 (6.19) 

 Exp2 D-c 15,922,346 4,229,432 (26.56) 821,459 (5.16) 10,871,455 (68.28) 14,944,442 (93.86) 285,998 (1.80) 691,906 (4.35) 

  D-d 14,023,418 3,835,200 (27.35) 880,342 (6.28) 9,307,876 (66.37) 13,136,832 (93.68) 272,688 (1.94) 613,898 (4.38) 
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(Continued) Table A.1. RNA-seq mapping results for E. coli PI-7. 

 

  I-b 22,237,810 1,195,962 (5.38) 184,255 (0.83) 20,857,593 (93.79) 20,340,490 (91.47) 701,532 (3.15) 1,195,788 (5.38) 

 Exp2 I-c 45,847,192 1,602,732 (3.50) 272,692 (0.59) 43,971,768 (95.91) 43,744,596 (95.41) 449,582 (0.98) 1,653,014 (3.61) 

  I-d 43,281,446 878,172 (2.03) 154,410 (0.36) 42,248,864 (97.61) 41,690,864 (96.33) 372,320 (0.86) 1,218,262 (2.81) 

1
4

.5
 

Exp1 D-a 15,532,630 3,899,944 (25.11) 1,006,179 (6.48) 10,626,570 (68.41) 14,207,438 (91.47) 477,267 (3.07) 847,925 (5.46) 

  D-b 14,308,202 3,726,754 (26.05) 885,293 (6.19) 9,696,155 (67.77) 12,601,118 (88.07) 746,680 (5.22) 960,404 (6.71) 

 Exp2 D-c 20,836,926 4,778,376 (22.93) 1,050,474 (5.04) 15,008,076 (72.03) 19,683,606 (94.47) 257,530 (1.24) 895,790 (4.30) 

  D-d 15,030,408 3,480,272 (23.15) 783,125 (5.21) 10,767,011 (71.63) 13,809,288 (91.88) 501,684 (3.34) 719,436 (4.79) 

 Exp1 I-a 22,524,494 1,175,550 (5.22) 194,864 (0.87) 21,154,080 (93.92) 20,223,970 (89.79) 726,414 (3.22) 1,574,110 (6.99) 

  I-b 15,188,868 1,598,506 (10.52) 223,504 (1.47) 13,366,858 (88.00) 13,711,276 (90.27) 417,563 (2.75) 1,060,029 (6.98) 

 Exp2 I-c 15,252,230 377,914 (2.48) 59,849 (0.39) 14,814,469 (97.13) 14,551,670 (95.41) 129,243 (0.85) 571,317 (3.75) 

  I-d 16,332,674 897,944 (5.50) 93,127 (0.57) 15,341,603 (93.93) 15,115,662 (92.55) 467,128 (2.86) 749,884 (4.59) 

 

Time (h) denotes exposure to irradiance durations corresponding to the decay phases as follows: 0 h = prior to solar 

irradiation; 3 h = mid-lag phase; 6 h = early-decay phase; 9 h = mid-decay phase; 14.5 = late-decay phase. 

D/I: Microcosm samples are labeled as D- or I- to denote dark and irradiated microcosms, respectively. 

 Exp1 I-a 16,463,292 565,574 (3.44) 122,619 (0.74) 15,775,099 (95.82) 14,336,964 (87.08) 907,337 (5.51) 1,218,991 (7.40) 
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CDS: coding sequence. 

a All reads are 101 nucleotides long. 

b Reads were mapped to PI-7 reference genome using CLC Genomics Workbench version 8.0.1 with a minimum length 

fraction of 0.9, a minimum similarity fraction of 0.8, and a maximum number of hits for a read of 10. 
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Table A.2. RNA-seq mapping results for E. coli DSM1103. 

 
  Reads mapped to CDS regions b Reads mapped to genome 

T
im

e 
(h

) 
Microcosm 

sample 

Reads after 

trimming a 

Uniquely mapped 

reads (%) 

Nonspecifically 

mapped reads 

(%) 

Unmapped reads 

(%) 

Uniquely mapped 

reads (%) 

Nonspecifically 

mapped reads (%) 

Unmapped reads 

(%) 

0
 Exp1 D-a 15,577,476 8,251,626 (52.97) 789,570 (5.07) 6,536,280 (41.96) 14,395,262 (92.41) 976,153 (6.27) 206,061 (1.32) 

 

 
D-b 14,522,776 7,893,406 (54.35) 763,538 (5.26) 5,865,832 (40.39) 13,368,748 (92.05) 928,354 (6.39) 225,674 (1.55) 

 

Exp2 D-d 17,869,770 7,891,508 (44.16) 1,025,039 (5.74) 8,953,223 (50.10) 15,538,486 (86.95) 1,935,050 (10.83) 396,234 (2.22) 

 

 
D-e 10,496,694 4,253,152 (40.52) 608,307 (5.80) 5,635,235 (53.69) 8,898,126 (84.77) 1,187,113 (11.31) 411,455 (3.92) 

2
 Exp1 D-a 14,284,694 7,498,322 (52.49) 665,151 (4.66) 6,121,221 (42.85) 13,241,972 (92.70) 907,406 (6.35) 135,316 (0.95) 

 

 
D-b 10,306,088 5,409,756 (52.49) 472,237 (4.58) 4,424,095 (42.93) 9,508,874 (92.26) 701,133 (6.80) 96,081 (0.93) 

 

Exp2 D-d 6,170,952 2,569,350 (41.64) 310,346 (5.03) 3,291,256 (53.33) 5,411,222 (87.69) 666,573 (10.80) 93,157 (1.51) 

 

 
D-e 14,543,920 6,046,188 (41.57) 613,308 (4.22) 7,884,424 (54.21) 12,897,028 (88.68) 1,428,372 (9.82) 218,520 (1.50) 

 

Exp1 I-a 12,747,082 6,372,030 (49.99) 592,439 (4.65) 5,782,613 (45.36) 11,745,066 (92.14) 829,194 (6.50) 172,822 (1.36) 

 

 
I-b 22,373,358 11,230,918 (50.20) 939,664 (4.20) 10,202,776 (45.60) 20,898,294 (93.41) 1,261,462 (5.64) 213,602 (0.95) 

 

 
I-c 10,069,090 5,000,604 (49.66) 485,103 (4.82) 4,583,383 (45.52) 9,209,868 (91.47) 722,957 (7.18) 136,265 (1.35) 
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(Continued) Table A.2. RNA-seq mapping results for E. coli DSM1103. 

 
Exp2 I-d 11,430,604 4,254,842 (37.22) 431,007 (3.77) 6,744,755 (59.01) 10,089,312 (88.27) 1,116,973 (9.77) 224,319 (1.96) 

 

 
I-e 19,154,408 5,993,354 (31.29) 584,983 (3.05) 12,576,071 (65.66) 17,051,366 (89.02) 1,784,080 (9.31) 318,962 (1.67) 

3
.5

 Exp1 D-a 4,281,046 2,212,340 (51.68) 228,614 (5.34) 1,840,092 (42.98) 3,872,306 (90.45) 335,730 (7.84) 73,010 (1.71) 

 

 
D-b 53,984,356 28,117,410 (52.08) 2,135,663 (3.96) 23,731,283 (43.96) 50,412,262 (93.38) 3,046,976 (5.64) 525,118 (0.97) 

 

Exp2 D-d 16,398,470 6,487,384 (39.56) 797,994 (4.87) 9,113,092 (55.57) 15,016,286 (91.57) 1,072,106 (6.54) 310,078 (1.89) 

 

 
D-e 22,297,174 8,783,598 (39.39) 960,498 (4.31) 12,553,078 (56.30) 19,765,792 (88.65) 2,209,917 (9.91) 321,465 (1.44) 

 

Exp1 I-a 13,198,954 3,523,012 (26.69) 257,317 (1.95) 9,418,625 (71.36) 12,374,002 (93.75) 703,293 (5.33) 121,659 (0.92) 

 

 
I-b 20,685,618 7,046,708 (34.07) 616,399 (2.98) 13,022,511 (62.95) 19,503,692 (94.29) 963,144 (4.66) 218,782 (1.06) 

 

 
I-c 37,858,090 13,448,812 (35.52) 1,186,996 (3.14) 23,222,282 (61.34) 35,318,916 (93.29) 2,046,288 (5.41) 492,886 (1.30) 

 

Exp2 I-d 16,810,704 3,540,368 (21.06) 432,636 (2.57) 12,837,700 (76.37) 15,712,042 (93.46) 827,640 (4.92) 271,022 (1.61) 

 

 
I-e 21,468,104 4,605,986 (21.46) 520,553 (2.42) 16,341,565 (76.12) 18,916,324 (88.11) 2,090,585 (9.74) 461,195 (2.15) 
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(Continued) Table A.2. RNA-seq mapping results for E. coli DSM1103. 

6
.5

 Exp1 D-a 24,198,370 12,097,824 (49.99) 954,153 (3.94) 11,146,393 (46.06) 22,261,312 (92.00) 1,580,405 (6.53) 356,653 (1.47) 
 

 
D-b 13,760,650 6,653,986 (48.36) 750,266 (5.45) 6,356,398 (46.19) 11,907,806 (86.54) 1,388,576 (10.09) 464,268 (3.37) 

 

Exp2 D-d 16,468,340 5,253,550 (31.90) 556,058 (3.38) 10,658,732 (64.72) 14,715,592 (89.36) 1,536,683 (9.33) 216,065 (1.31) 

 

 
D-e 19,055,320 5,904,822 (30.99) 639,872 (3.36) 12,510,626 (65.65) 17,852,460 (93.69) 944,166 (4.95) 258,694 (1.36) 

 

Exp1 I-a 32,314,798 8,717,558 (26.98) 684,457 (2.12) 22,912,783 (70.90) 28,639,597 (88.63) 3,195,208 (9.89) 479,994 (1.49) 

 

 
I-b 42,969,260 9,202,048 (21.42) 814,705 (1.90) 32,952,507 (76.69) 38,220,086 (88.95) 3,987,918 (9.28) 761,256 (1.77) 

 

 
I-c 8,107,936 1,951,550 (24.07) 178,994 (2.21) 5,977,392 (73.72) 7,015,762 (86.53) 858,839 (10.59) 233,335 (2.88) 

 

Exp2 I-d 17,717,024 2,961,582 (16.72) 456,468 (2.58) 14,298,974 (80.71) 16,558,142 (93.46) 846,220 (4.78) 312,662 (1.76) 

 

 
I-e 7,723,678 983,154 (12.73) 168,367 (2.18) 6,572,157 (85.09) 7,404,144 (95.86) 194,526 (2.52) 125,008 (1.62) 

 

Time (h) denotes exposure to irradiance durations corresponding to the decay phases as follows: 0 h = prior to solar 

irradiation; 2 h = early decay phase; 3.5 h = mid-decay phase; 6.5 h = late-decay phase. 

D/I: Microcosm samples are labeled as D- or I- to denote dark and irradiated microcosms, respectively. 

CDS: coding sequence. 
a All reads are 101 nucleotides long. 
b Reads were mapped to DSM 1103 reference genome using CLC Genomics Workbench version 8.0.1 with a minimum 

length fraction of 0.9, a minimum similarity fraction of 0.8, and a maximum number of hits for a read of 10
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Table A.3. Fold-change in relevant gene categories in E. coli PI-7 (A) and DSM1103 (B) 

over exposure to simulated sunlight in buffer. 

 

Table A.4. Normalized RPKM values for relevant gene categories in E. coli PI-7 (A) and 

DSM 1103 (B) over exposure to simulated sunlight in buffer. 

 

 

Tables A.3. and A.4. are available as downloadable Microsoft Excel spreadsheets.  
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Appendix B: Chapter 4 Supplementary Information 
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Table B.1. Summarized RNA-seq mapping results for E. coli PI-7 inactivation without bacteriophages. 

 
   Reads mapped to genome Reads mapped to CDS regions 

Time 

(h) 
Sample 

Total 

Reads a 

Reads 

mapped in 

pairs 

Reads mapped 

in broken 

pairs 

Reads not 

mapped 

Reads 

mapped in 

pairs 

Reads mapped 

in broken 

pairs 

Reads not 

mapped 

0 Exp 1 D1 30,510,690  
25913276 

(84.93%) 

634240 

(2.07%) 

3963174 

(12.98%) 

2937456 

(9.62%) 

652889 

(2.13%) 

26920345 

(88.23%) 

 D2 12,857,260  
10545288 

(82.01%) 

388089 

(3.01%) 

1923883 

(14.96%) 

676864 

(5.26%) 

152659 

(1.18%) 

12027737 

(93.54%) 

 Exp 2 D1 32,828,094  
26648578 

(81.17%) 

4123435 

(12.56%) 

2056081 

(6.26%) 

8142186 

(24.8%) 

2852491 

(8.68%) 

21833417 

(66.5%) 

  D2 19,893,270  
16900392 

(84.95%) 

1653293 

(8.31%) 

1339585 

(6.73%) 

4946410 

(24.86%) 

1366001 

(6.86%) 

13580859 

(68.26%) 

1 Exp 1 D1 47,297,316  
38412198 

(81.21%) 

2582625 

(5.46%) 

6302493 

(13.32%) 

5062404 

(10.7%) 

1284819 

(2.71%) 

40950093 

(86.58%) 

 D2 22924522 
19151332 

(83.54%) 

764859 

(3.34%) 

3008331 

(13.12%) 

2256058 

(9.84%) 

629249 

(2.74%) 

20039215 

(87.41%) 

 Exp 2 D1 19,163,412  
16450676 

(85.84%) 

1368959 

(7.14%) 

1343777 

(7.012%) 

4696070 

(24.5%) 

1330465 

(6.94%) 

13136877 

(68.55%) 

 D2 16,940,632  
13776420 

(81.32%) 

1993531 

(11.76%) 

1170681 

(6.91%) 

3779918 

(22.31%) 

1513316 

(8.93%) 

11647398 

(68.75%) 

 Exp 1  L1 11,549,474  
9248598 

(80.07%) 

387909 

(3.35%) 

1912967 

(16.56%) 

3183236 

(27.56%) 

427989 

(3.7%) 

7938249 

(68.73%) 

 L2 15,256,026  
12775396 

(83.74%) 

581254 

(3.81%) 

1899375 

(12.45%) 

1272212 

(8.33%) 

267253 

(1.75%) 

13716561 

(89.9%) 
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(Continued) Table B.1. Summarized RNA-seq mapping results for E. coli PI-7 inactivation without bacteriophages. 

 Exp 2 L1 21,557,420  
18600744 

(86.28%) 

1443532 

(6.69%) 

1513144 

(7.01%) 

3805416 

(17.65%) 

1287981 

(5.97%) 

16464023 

(76.37%) 

  L2 17,008,278  
14805768 

(87.05%) 

441362 

(2.59%) 

1761148 

(10.35%) 

4948004 

(29.09%) 

1122712 

(6.6%) 

10937562 

(64.3%) 

2 Exp 1 D1 30,871,362  
25322182 

(82.02%) 

1326228 

(4.29%) 

4222952 

(13.67%) 

3938748 

(12.75%) 

904599 

(2.93%) 

26028015 

(84.31%) 

 D2 28,229,676  
23384328 

(82.83%) 

1287138 

(4.55%) 

3558210 

(12.6%) 

3490808 

(12.36%) 

792862 

(2.8%) 

23946006 

(84.82%) 

 Exp 2 D1 27,664,884  
24732542 

(89.4%) 

1429245 

(5.16%) 

1503097 

(5.43%) 

7822692 

(28.27%) 

1593137 

(5.75%) 

18249055 

(65.96%) 

 D2 13,310,116  
11934642 

(89.66%) 

558841 

(4.19%) 

816633 

(6.13%) 

3997938 

(30.03%) 

737756 

(5.54%) 

8574422 

(64.42%) 

 Exp 1  L1 17,851,428  
14916318 

(83.55%) 

648811 

(3.63%) 

2286299 

(12.8%) 

1232090 

(6.9%) 

257309 

(1.44%) 

16362029 

(91.65%) 

 L2 18,114,812  
15333328 

(84.64%) 

643423 

(3.51%) 

2138061 

(11.8%) 

1261696 

(6.96%) 

254077 

(1.4%) 

16599039 

(91.63%) 

 Exp 2 L1 14,149,766  
12681112 

(89.62%) 

527933 

(3.73%) 

940721 

(6.64%) 

3267682 

(23.09%) 

501907 

(3.54%) 

10380177 

(73.35%) 

  L2 40,407,238  
35688976 

(88.32%) 

2361376 

(5.84%) 

2356886 

(5.83%) 

7522318 

(18.61%) 

1597597 

(3.95%) 

31287323 

(77.42%) 

4 Exp 1 D1 32,840,066  
27129446 

(82.61%) 

1397980 

(4.25%) 

4312640 

(13.13%) 

4192708 

(12.76%) 

911718 

(2.77%) 

27735640 

(84.45%) 
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(Continued) Table B.1. Summarized RNA-seq mapping results for E. coli PI-7 inactivation without bacteriophages. 

 D2 13,234,636  
11122806 

(84.04%) 

510938 

(3.86%) 

1600892 

(12.09%) 

1544844 

(11.67%) 

354439 

(2.67%) 

11335353 

(85.64%) 

 Exp 2 D1 16,226,878  
14320310 

(88.25%) 

876494 

(5.4%) 

1030074 

(6.34%) 

4728034 

(29.13%) 

942695 

(5.8%) 

10556149 

(65.05%) 

 D2 15,128,560  
13706386 

(90.59%) 

586556 

(3.87%) 

835618 

(5.52%) 

4177464 

(27.61%) 

804145 

(5.31%) 

10146951 

(67.07%) 

 Exp 1  L1 23,380,922  
19857762 

(84.93%) 

488141 

(2.08%) 

3035019 

(12.98%) 

1517038 

(6.48%) 

243447 

(1.04%) 

21620437 

(92.47%) 

 L2 34,221,740  
27923942 

(81.59%) 

996495 

(2.91%) 

5301303 

(15.49%) 

11202550 

(32.73%) 

1155313 

(3.37%) 

21863877 

(63.88%) 

 Exp 2 L1 42,574,810  
39555492 

(92.9%) 

1112366 

(2.61%) 

1906952 

(4.47%) 

4019904 

(9.44%) 

796024 

(1.86%) 

37758882 

(88.68%) 

  L2 15,796,954  
14313762 

(90.61%) 

302041 

(1.91%) 

1181151 

(7.47%) 

2971278 

(18.8%) 

633537 

(4.01%) 

12192139 

(77.18%) 

8 Exp 1 D1 19,258,786  
16096060 

(83.57%) 

676162 

(3.51%) 

2486564 

(12.91%) 

3108558 

(16.14%) 

654074 

(3.39%) 

15496154 

(80.46%) 

 D2 16,184,524  
13413260 

(82.87%) 

650698 

(4.02%) 

2120566 

(13.1%) 

1859534 

(11.48%) 

429115 

(2.65%) 

13895875 

(85.85%) 

 Exp 2 D1 19,830,226  
17831822 

(89.92%) 

836631 

(4.21%) 

1161773 

(5.85%) 

5703848 

(28.76%) 

988948 

(4.98%) 

13137430 

(66.24%) 

 D2 21,307,396  
18949764 

(88.93%) 

960585 

(4.5%) 

1397047 

(6.55%) 

6091390 

(28.58%) 

1241615 

(5.82%) 

13974391 

(65.58%) 

 Exp 1  L1 21,765,328  
18598314 

(85.44%) 

455210 

(2.09%) 

2711804 

(12.45%) 

2566290 

(11.79%) 

411155 

(1.88%) 

18787883 

(86.32%) 
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(Continued) Table B.1. Summarized RNA-seq mapping results for E. coli PI-7 inactivation without bacteriophages. 

 L2 15,166,548  
13054222 

(86.07%) 

315441 

(2.07%) 

1796885 

(11.84%) 

163128 

(1.07%) 

42777 

(0.28%) 

14960643 

(98.64%) 

 Exp 2 L1 19,655,646  
18349990 

(93.35%) 

577902 

(2.94%) 

727754 

(3.7%) 

595960 

(3.032%) 

135568 

(0.68%) 

18924118 

(96.27%) 

  L2 19,128,066  
18019220 

(94.2%) 

368750 

(1.92%) 

740096 

(3.86%) 

698178 

(3.65%) 

160651 

(0.83%) 

18269237 

(95.51%) 

10 Exp 1 D1 15,901,324  
13506938 

(84.94%) 

613749 

(3.85%) 

1780637 

(11.19%) 

1213394 

(7.63%) 

281548 

(1.77%) 

14406382 

(90.59%) 

 D2 24,909,724  
21508256 

(86.34%) 

691276 

(2.77%) 

2710192 

(10.88%) 

2639866 

(10.59%) 

589689 

(2.36%) 

21680169 

(87.03%) 

 Exp 2 D1 16,669,010  
15045214 

(90.25%) 

548246 

(3.28%) 

1075550 

(6.45%) 

4399170 

(26.39%) 

744955 

(4.46%) 

11524885 

(69.13%) 

 D2 11,685,474  
9770464 

(83.61%) 

240658 

(2.05%) 

1674352 

(14.32%) 

4705710 

(40.26%) 

1176726 

(10.06%) 

5803038 

(49.66%) 

 Exp 1  L1 14,800,820  
12701640 

(85.81%) 

283848 

(1.91%) 

1815332 

(12.26%) 

108698 

(0.73%) 

26500 

(0.17%) 

14665622 

(99.08%) 

 L2 12,667,750  
10787928 

(85.16%) 

486192 

(3.83%) 

1393630 

(11%) 

178818 

(1.41%) 

35970 

(0.28%) 

12452962 

(98.3%) 

 Exp 2 L1 20,439,346  
19154500 

(93.71%) 

486704 

(2.38%) 

798142 

(3.9%) 

874656 

(4.27%) 

211606 

(1.03%) 

19353084 

(94.68%) 

  L2 15,015,524  
13986332 

(93.14%) 

255763 

(1.7%) 

773429 

(5.15%) 

1083540 

(7.21%) 

251136 

(1.67%) 

13680848 

(91.11%) 

Time (h) denotes exposure to irradiance durations. CDS: coding sequence. Percentages are out of total reads. 

D/L: Microcosm samples are labeled as D- or L- to denote dark and light-receiving (i.e. irradiated) microcosms, 

respectively. 
a All reads are 101 nucleotides long. 
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Table B.2. Summarized RNA-seq mapping results for E. coli PI-7 inactivation with the addition of bacteriophages. 

 
   Reads mapped to genome Reads mapped to CDS regions 

Time 

(h) 
Sample 

Total 

Reads a 

Reads 

mapped in 

pairs 

Reads 

mapped in 

broken pairs 

Reads not 

mapped 

Reads 

mapped in 

pairs 

Reads 

mapped in 

broken 

pairs 

Reads not 

mapped 

0 Exp 1 D1  18,570,688  
14941596 

(80.45%) 

875271 

(4.71%) 

2753821 

(14.82%) 

1314964 

(7.08%) 

332286 

(1.78%) 

16923438 

(91.12%) 

 D2  35,073,496  
28641016 

(81.66%) 

1690542 

(4.82%) 

4741936 

(13.52%) 

1382334 

(3.94%) 

396640 

(1.13%) 

33294522 

(94.92%) 

 Exp 2 D1  31,400,378  
25952148 

(82.64%) 

1449495 

(4.61%) 

3998735 

(12.73%) 

5042268 

(16.05%) 

953212 

(3.03%) 

25404898 

(80.9%) 

 D2  22,355,696  
18019724 

(80.6%) 

1144614 

(5.12%) 

3191358 

(14.27%) 

3849020 

(17.21%) 

773194 

(3.45%) 

17733482 

(79.32%) 

 Exp 3 D1  13,323,176  
11519120 

(86.45%) 

674499 

(5.06%) 

1129557 

(8.47%) 

3566184 

(26.76%) 

512065 

(3.84%) 

9244927 

(69.38%) 

  D2  13,948,400  
10087036 

(72.31%) 

2149074 

(15.4%) 

1712290 

(12.27%) 

4011356 

(28.75%) 

1834973 

(13.15%) 

8102071 

(58.08%) 

1 Exp 1 D1  11,621,186  
9636442 

(82.92%) 

567120 

(4.88%) 

1417624 

(12.19%) 

1216354 

(10.46%) 

286228 

(2.46%) 

10118604 

(87.07%) 

 D2  29,613,940  
24802470 

(83.75%) 

1111133 

(3.75%) 

3700337 

(12.49%) 

2603874 

(8.79%) 

700286 

(2.36%) 

26309780 

(88.84%) 

 Exp 2 D1  17,636,394  
13854622 

(78.55%) 

978769 

(5.54%) 

2803003 

(15.89%) 

2989364 

(16.94%) 

687263 

(3.89%) 

13959767 

(79.15%) 

 D2  18,628,152  
15400868 

(82.67%) 

426001 

(2.28%) 

2801283 

(15.03%) 

8679272 

(46.59%) 

1555081 

(8.34%) 

8393799 

(45.05%) 
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(Continued) Table B.2. Summarized RNA-seq mapping results for E. coli PI-7 inactivation with the addition of 

bacteriophages. 

 

 Exp 3 D1  16,793,050  
13287422 

(79.12%) 

1051555 

(6.26%) 

2454073 

(14.61%) 

5113418 

(30.44%) 

1666130 

(9.92%) 

10013502 

(59.62%) 

 D2  16,577,452  
13955504 

(84.18%) 

672744 

(4.05%) 

1949204 

(11.75%) 

5543168 

(33.43%) 

1090064 

(6.57%) 

9944220 

(59.98%) 

 Exp 1  L1  13,121,402  
10743004 

(81.87%) 

490804 

(3.74%) 

1887594 

(14.38%) 

1027670 

(7.83%) 

248713 

(1.89%) 

11845019 

(90.27%) 

 L2  18,110,520  
15047540 

(83.08%) 

700151 

(3.86%) 

2362829 

(13.04%) 

746114 

(4.11%) 

210590 

(1.16%) 

17153816 

(94.71%) 

 Exp 2 L1  21,525,156  
17927008 

(83.28%) 

756335 

(3.51%) 

2841813 

(13.2%) 

3527662 

(16.38%) 

771878 

(3.58%) 

17225616 

(80.02%) 

 L2  21,175,996  
17037294 

(80.45%) 

471555 

(2.22%) 

3667147 

(17.31%) 

8735772 

(41.25%) 

1285561 

(6.07%) 

11154663 

(52.67%) 

 Exp 3 L1  18,366,014  
15467874 

(84.22%) 

477979 

(2.6%) 

2420161 

(13.17%) 

4830464 

(26.3%) 

871621 

(4.74%) 

12663929 

(68.95%) 

  L2  43,084,426  
34911040 

(81.02%) 

1935436 

(4.49%) 

6237950 

(14.47%) 

11641574 

(27.02%) 

2235763 

(5.18%) 

29207089 

(67.79%) 

2 Exp 1 D1  12,802,306  
10669976 

(83.34%) 

542010 

(4.23%) 

1590320 

(12.42%) 

1025560 

(8.01%) 

270197 

(2.11%) 

11506549 

(89.87%) 

 D2  12,689,398  
10599782 

(83.53%) 

561018 

(4.42%) 

1528598 

(12.04%) 

1241398 

(9.78%) 

315746 

(2.48%) 

11132254 

(87.72%) 

 Exp 2 D1  18,024,570  
14404666 

(79.91%) 

818978 

(4.54%) 

2800926 

(15.53%) 

4949906 

(27.46%) 

840118 

(4.66%) 

12234546 

(67.87%) 
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(Continued) Table B.2. Summarized RNA-seq mapping results for E. coli PI-7 inactivation with the addition of 

bacteriophages. 

 

 D2  25,723,480  
21458878 

(83.42%) 

501722 

(1.95%) 

3762880 

(14.62%) 

7708400 

(29.96%) 

1182610 

(4.59%) 

16832470 

(65.43%) 

 Exp 3 D1  14,419,858  
11986578 

(83.12%) 

830272 

(5.75%) 

1603008 

(11.11%) 

3704502 

(25.69%) 

697084 

(4.83%) 

10018272 

(69.47%) 

 D2  14,171,360  
11413762 

(80.54%) 

757279 

(5.34%) 

2000319 

(14.11%) 

4514858 

(31.85%) 

877099 

(6.18%) 

8779403 

(61.95%) 

 Exp 1 L1  34,072,766  
29724098 

(87.23%) 

664203 

(1.94%) 

3684465 

(10.81%) 

1683838 

(4.94%) 

378951 

(1.11%) 

32009977 

(93.94%) 

 L2  12,218,922  
10249262 

(83.88%) 

447602 

(3.66%) 

1522058 

(12.45%) 

365546 

(2.99%) 

93969 

(0.76%) 

11759407 

(96.23%) 

 Exp 2 L1  18,351,472  
16273828 

(88.67%) 

331648 

(1.8%) 

1745996 

(9.51%) 

3830674 

(20.87%) 

615684 

(3.35%) 

13905114 

(75.77%) 

 L2  25,171,658  
22135724 

(87.93%) 

833636 

(3.31%) 

2202298 

(8.74%) 

4735724 

(18.81%) 

892949 

(3.54%) 

19542985 

(77.63%) 

 Exp 3 L1  15,787,736  
12968474 

(82.142%) 

595987 

(3.77%) 

2223275 

(14.08%) 

2902676 

(18.38%) 

688946 

(4.36%) 

12196114 

(77.25%) 

  L2  15,019,428  
12344722 

(82.19%) 

456083 

(3.03%) 

2218623 

(14.77%) 

3211618 

(21.38%) 

586892 

(3.9%) 

11220918 

(74.7%) 

4 Exp 2 D1  52,196,662  
46386056 

(88.86%) 

1073809 

(2.05%) 

4736797 

(9.07%) 

16158546 

(30.95%) 

2536228 

(4.85%) 

33501888 

(64.18%) 

 D2  17,060,002  
12659570 

(74.2%) 

858766 

(5.03%) 

3541666 

(20.76%) 

1681678 

(9.85%) 

332169 

(1.94%) 

15046155 

(88.19%) 

 Exp 3 D1  29,249,002  
22365888 

(76.46%) 

1020886 

(3.49%) 

5862228 

(20.04%) 

8482140 

(28.99%) 

1763629 

(6.02%) 

19003233 

(64.97%) 



 

230 

 

(Continued) Table B.2. Summarized RNA-seq mapping results for E. coli PI-7 inactivation with the addition of 

bacteriophages. 

 

 D2  16,951,542  
13660096 

(80.58%) 

603291 

(3.55%) 

2688155 

(15.85%) 

4011566 

(23.66%) 

860740 

(5.07%) 

12079236 

(71.25%) 

 Exp 2 L1  20,585,796  
17962710 

(87.25%) 

501601 

(2.43%) 

2121485 

(10.3%) 

2960482 

(14.38%) 

482187 

(2.34%) 

17143127 

(83.27%) 

 L2  20,255,500  
18052002 

(89.12%) 

441340 

(2.17%) 

1762158 

(8.69%) 

2348224 

(11.59%) 

397613 

(1.96%) 

17509663 

(86.44%) 

 Exp 3 L1  30,405,808  
24165822 

(79.47%) 

1009343 

(3.31%) 

5230643 

(17.2%) 

3506626 

(11.53%) 

860189 

(2.82%) 

26038993 

(85.63%) 

  L2  12,939,774  
10541116 

(81.46%) 

328118 

(2.53%) 

2070540 

(16%) 

1446202 

(11.17%) 

336703 

(2.6%) 

11156869 

(86.22%) 

6 Exp 1 D1  14,314,166  
12147012 

(84.86%) 

506377 

(3.53%) 

1660777 

(11.6%) 

1087086 

(7.59%) 

246267 

(1.72%) 

12980813 

(90.68%) 

 D2  19,840,312  
16180386 

(81.55%) 

1331778 

(6.71%) 

2328148 

(11.73%) 

3480312 

(17.54%) 

877905 

(4.42%) 

15482095 

(78.03%) 

 Exp 2 D1  24,075,302  
21331618 

(88.6%) 

736684 

(3.05%) 

2007000 

(8.33%) 

7141158 

(29.66%) 

1149458 

(4.77%) 

15784686 

(65.56%) 

 D2  14,909,976  
12107196 

(81.2%) 

220023 

(1.47%) 

2582757 

(17.32%) 

6951640 

(46.62%) 

1468326 

(9.84%) 

6490010 

(43.52%) 

 Exp 3 D1  47,321,922  
32925700 

(69.57%) 

2481277 

(5.24%) 

11914945 

(25.17%) 

11739104 

(24.8%) 

2551346 

(5.39%) 

33031472 

(69.8%) 

 D2  14,296,166  
10125652 

(70.82%) 

628575 

(4.39%) 

3541939 

(24.77%) 

3166856 

(22.15%) 

681989 

(4.77%) 

10447321 

(73.07%) 

 Exp 1 L1  23,989,314  
19993270 

(83.34%) 

866205 

(3.61%) 

3129839 

(13.04%) 

732810 

(3.054%) 

189284 

(0.78%) 

23067220 

(96.15%) 

 L2  38,247,586  
32488978 

(84.94%) 

1372766 

(3.58%) 

4385842 

(11.46%) 

916574 

(2.396%) 

217070 

(0.56%) 

37113942 

(97.03%) 
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(Continued) Table B.2. Summarized RNA-seq mapping results for E. coli PI-7 inactivation with the addition of 

bacteriophages. 

 

 Exp 2 L1  28,230,000  
25298906 

(89.61%) 

1069162 

(3.78%) 

1861932 

(6.59%) 

2668980 

(9.45%) 

588290 

(2.08%) 

24972730 

(88.46%) 

 L2  18,631,008  
16673196 

(89.49%) 

479929 

(2.57%) 

1477883 

(7.93%) 

1925766 

(10.33%) 

370200 

(1.98%) 

16335042 

(87.67%) 

 Exp 3 L1  15,127,754  
10938674 

(72.3%) 

480102 

(3.17%) 

3708978 

(24.51%) 

850336 

(5.62%) 

269053 

(1.77%) 

14008365 

(92.6%) 

  L2  16,557,286  
13295690 

(80.3%) 

383708 

(2.31%) 

2877888 

(17.38%) 

751856 

(4.54%) 

203993 

(1.23%) 

15601437 

(94.22%) 

10 Exp 1 D1  15,405,002  
12042180 

(78.17%) 

1251252 

(8.12%) 

2111570 

(13.7%) 

2518700 

(16.34%) 

767941 

(4.98%) 

12118361 

(78.66%) 

 D2  18,174,244  
15328736 

(84.34%) 

588070 

(3.23%) 

2257438 

(12.42%) 

2719526 

(14.96%) 

691071 

(3.8%) 

14763647 

(81.23%) 

 Exp 2 D1  17,290,064  
15439928 

(89.29%) 

631430 

(3.65%) 

1218706 

(7.04%) 

4386998 

(25.37%) 

828289 

(4.79%) 

12074777 

(69.83%) 

 D2  16,336,814  
14361906 

(87.91%) 

621347 

(3.8%) 

1353561 

(8.28%) 

4886562 

(29.91%) 

914086 

(5.59%) 

10536166 

(64.49%) 

 Exp 3 D1  23,825,530  
16133490 

(67.71%) 

807742 

(3.39%) 

6884298 

(28.89%) 

4016546 

(16.85%) 

989357 

(4.15%) 

18819627 

(78.98%) 

 D2  16,050,676  
10920508 

(68.03%) 

446250 

(2.78%) 

4683918 

(29.18%) 

2499468 

(15.57%) 

579799 

(3.61%) 

12971409 

(80.81%) 

 Exp 1 L1  14,137,886  
12293656 

(86.95%) 

203870 

(1.44%) 

1640360 

(11.6%) 

75928 

(0.53%) 

22534 

(0.15%) 

14039424 

(99.3%) 

 L2  15,927,378  
13354284 

(83.84%) 

416689 

(2.61%) 

2156405 

(13.53%) 

129008 

(0.8%) 

33742 

(0.21%) 

15764628 

(98.97%) 

 Exp 2 L1  14,642,858  
14361906 

(98.08%) 

621347 

(4.24%) 

1353561 

(9.24%) 

992250 

(6.77%) 

212681 

(1.45%) 

13437927 

(91.77%) 
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 (Continued) Table B.2. Summarized RNA-seq mapping results for E. coli PI-7 inactivation with the addition of 

bacteriophages. 

 

 L2  19,303,742  
17419032 

(90.23%) 

660754 

(3.42%) 

1223956 

(6.34%) 

706474 

(3.65%) 

168713 

(0.87%) 

18428555 

(95.46%) 

 Exp 3 L1  21,402,658  
13677578 

(63.9%) 

921034 

(4.3%) 

6804046 

(31.79%) 

185006 

(0.86%) 

167749 

(0.78%) 

21049903 

(98.35%) 

  L2  16,406,836  
12306520 

(75%) 

556849 

(3.39%) 

3543467 

(21.59%) 

181390 

(1.1%) 

98947 

(0.6%) 

16126499 

(98.29%) 

 

Time (h) denotes exposure to irradiance durations. CDS: coding sequence. Percentages are out of total reads. 

D/L: Microcosm samples are labeled as D- or L- to denote dark and light-receiving (i.e. irradiated) microcosms, 

respectively. 
a All reads are 101 nucleotides long. 
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Table B.3. ANOSIM results for comparisons of the different experimental stages within 

each sludge macrocosm. 

 

ANOSIM Comparison R p-value ANOSIM Comparison R p-value 

a) Early acclimation vs. late spiking  f) Late acclimation vs. mid-spiking  

Control 1 0.012 Control 0.883 0.028 

PI-7 alone 1 0.012 PI-7 alone 0.994 0.028 

PI-7 + bacteriophages 0.963 0.012 PI-7 + bacteriophages 0.974 0.028 

Bacteriophages alone 1 0.012 Bacteriophages alone 1 0.028 

b) Early acclimation vs. mid-spiking  g) Late acclimation vs. early spiking 

Control 0.992 0.001 Control 1 0.1 

PI-7 alone 1 0.002 PI-7 alone 1 0.1 

PI-7 + bacteriophages 0.971 0.001 PI-7 + bacteriophages 0.917 0.1 

Bacteriophages alone 0.992 0.001 Bacteriophages alone 0.917 0.1 

c) Early acclimation vs. early spiking  h) Early spiking vs. late spiking  

Control 0.963 0.012 Control 0.963 0.1 

PI-7 alone 0.969 0.012 PI-7 alone 1 0.1 

PI-7 + bacteriophages 0.864 0.012 PI-7 + bacteriophages 1 0.1 

Bacteriophages alone 0.951 0.012 Bacteriophages alone 1 0.1 

d) Early acclimation vs. late acclimation i) Early spiking vs. mid-spiking  

Control 0.792 0.036 Control 0.508 0.017 

PI-7 alone 0.833 0.036 PI-7 alone 0.655 0.008 

PI-7 + bacteriophages 0.74 0.036 PI-7 + bacteriophages 0.615 0.008 

Bacteriophages alone 0.833 0.036 Bacteriophages alone 0.698 0.008 

e) Late acclimation vs. late spiking  j) Mid-spiking vs. late spiking  

Control 1 0.1 Control 0.294 0.108 

PI-7 alone 1 0.1 PI-7 alone 0.262 0.117 

PI-7 + bacteriophages 1 0.1 PI-7 + bacteriophages 0.425 0.025 

Bacteriophages alone 1 0.1 Bacteriophages alone 0.313 0.05 
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Table B.4. SIMPER similarity results for the different sludge macrocosms at the mid-

spiking experimental stage. 

 

Species 

Average 

abundance 

(%) 

Average 

similarity 
Similarity/SD 

Contribution 

to similarity 

(%) 

Cumulative 

similarity 

(%) 

a) Control           

Average similarity: 76.79 %     

unclassified_Burkholderiales 4.97 8.46 6.57 11.01 11.01 

unclassified_Xanthomonadaceae 3.55 5.54 3.17 7.21 18.22 

unclassified_Comamonadaceae 2.73 4.88 13.59 6.36 24.58 

Brevibacterium 2.62 4.47 4.91 5.82 30.4 

unclassified_Chitinophagaceae 2.59 4.13 5.83 5.37 35.78 

b)  PI-7 alone           

Average similarity: 81.06 %     

unclassified_Burkholderiales 5.46 10.11 25.79 12.47 12.47 

Rhodanobacter 3.51 5.69 3.25 7.02 19.5 

unclassified_Chitinophagaceae 3.08 5.28 6.47 6.51 26 

Brevibacterium 2.74 5.09 13.95 6.28 32.29 

unclassified_Flavobacteriaceae 2.29 3.51 5.81 4.33 36.62 

c) PI-7 + bacteriophages      

Average similarity: 75.47 %     

unclassified_Burkholderiales 4.61 8.72 11.54 11.56 11.56 

unclassified_Chitinophagaceae 5.01 8.02 2.34 10.62 22.18 

unclassified_Comamonadaceae 2.17 3.88 6.78 5.14 27.32 

Taibaiella 2.42 3.82 2.99 5.06 32.38 

Rhodanobacter 2.06 3.66 5.8 4.85 37.23 

d) Bacteriophages alone           

Average similarity: 79.74 %     

unclassified_Burkholderiales 5.6 10.43 8.27 13.08 13.08 

Brevibacterium 3.84 7.13 10.42 8.94 22.02 

unclassified_Chitinophagaceae 3.48 5.58 3.11 7 29.02 

unclassified_Comamonadaceae 2.08 3.85 7.87 4.83 33.85 

Comamonas 2.05 3.66 7.19 4.59 38.44 

 

This table shows the top five bacterial genera responsible for the majority of similarity 

within each sludge reactor.
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Table B.5. SIMPER dissimilarity results between the different sludge macrocosms at the mid-spiking experimental stage. 

 

Species 
Average 

abundance (%) 

Average 

abundance (%) 

Average 

dissimilarity 

(%) 

Dissimilarity/SD 

Contribution 

to 

dissimilarity 

(%) 

Cumulative 

dissimilarity 

(%) 

a) control & PI-7 alone             

Average dissimilarity = 26.33% Control PI-7 alone                                

Rhodanobacter 1.51 3.51 1.98 1.76 7.51 7.51 

unclassified_Xanthomonadaceae 3.55 1.76 1.73 1.79 6.58 14.09 

Taibaiella 2.15 1.48 1.1 1.58 4.17 18.26 

Carnobacterium 0.87 1.36 0.98 1.39 3.71 21.97 

unclassified_Comamonadaceae 2.73 1.81 0.9 2.19 3.41 25.38 

b) control & PI-7 + bacteriophages      

Average dissimilarity = 30.60% Control PI-7 + bacteriophages                                

unclassified_Chitinophagaceae 2.59 5.01 2.6 1.58 8.48 8.48 

unclassified_Xanthomonadaceae 3.55 1.12 2.39 2.29 7.8 16.29 

Brevibacterium 2.62 0.41 2.18 4.24 7.13 23.42 

unclassified_Flavobacteriaceae 2.35 2.19 1.18 1.36 3.85 27.27 

Taibaiella 2.15 2.42 1.14 1.5 3.71 30.99 

c) control & bacteriophages alone           

Average dissimilarity = 28.25% Control Bacteriophages alone                                

unclassified_Xanthomonadaceae 3.55 1.33 2.18 2.13 7.72 7.72 

unclassified_Flavobacteriaceae 2.35 0.72 1.63 1.65 5.76 13.49 

Taibaiella 2.15 2.06 1.45 1.26 5.14 18.62 

unclassified_Chitinophagaceae 2.59 3.48 1.3 1.54 4.59 23.21 

Brevibacterium 2.62 3.84 1.2 1.72 4.25 27.46 

 

This table showed the top five bacterial genera responsible for dissimilarity between the two sludge reactors at each 

comparison.
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Table B.6. Gene expression fold change in selected gene categories in E. coli PI-7 

irradiated in combination with bacteriophages (SI+Phages) and without bacteriophages 

(SI-alone). 

 

Table B.6 is available as a downloadable Microsoft Excel spreadsheet.  
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Figure B.1. Inactivation curve to illustrate the lag-phase concept. 

 

In this average inactivation curve, the decay of irradiated E. coli PI-7 without 

bacteriophage addition is shown. The average corrected decay constant when it’s 

inclusive of all data points in the inactivation curves (A) was -1.75 ± 1.12, and the 

average half-life 28.83 ± 12.20 min.  

 

However, during the initial hours of irradiance (B, ranging between 3-6 hours), the 

samples showed statistically insignificant decay. I.e. linear regression analysis 

revealed that the slopes of the natural inactivation curve during that initial duration 

was not significantly different from 0 (p-values > 0.05, n=8). This duration of time 

was defined as the lag-phase, and was excluded from decay constant calculations for 

each sample. I.e. inactivation curves were considered to be bi-modal whenever they 

displayed a shoulder where there was no significant decay, followed by “the decay 

phase” where the negative slopes were statistically significantly different from 0. The 

threshold 

 

The average corrected decay constant for the shown data then (C), now excluding lag-

phases, becomes -5.34 ± 1.90, and the average half-life 8.36 ± 2.78 min. 

 

Inactivation curves are presented as log10 curves for ease of interpretation, but decay 

constants and half-lives were calculated from the natural log inactivation curves. 
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Figure B.2. Natural log bacteriophage decay kinetics under solar irradiation in presence 

of their host E. coli PI-7. 

 

Fluence from visible + UV light was 27.78 J/cm2 per hour. Fluence in the UV portion 

alone was 8.11 J/cm2 per hour. See Figure 4.1 for more detail on fluence. 

 

The average decay constant of the irradiated samples was -2.04 ± 0.34, and half life 

20.88 ± 3.30 min (equating to a visible + UV fluence half-life of 9.67 ± 1.52 J/cm2). 

Although the dark control samples decayed by 1 log (~2 natural logs) after two hours, 

the slope of their inactivation curve was not statistically significantly different from 0 

(p-value = 0.3199). This 1-log reduction phenomenon may be due to bacteriophage 

particles undergoing aggregation after being inside the microcosm for some time 

versus at t=0 at the set-up of the experiment, when the inoculum was freshly just 

added into the microcosms(<10 mins). Internalization of the viruses might have been 

another factor. With the lack of nutrients in the microcosm and the E. coli PI-7 

numbers not showing significant change in the dark sample over the duration of the 

experiment, the phage-cycle may have not been supported to its completion. This can 

potentially explain why phage-internalization is not followed by an increase in 

bacteriophage numbers. 

 

Inactivation curves were presented as log10 curves in the main text for ease of 

interpretation, but decay constants and half-lives were calculated from natural log 

inactivation curves. 

 

Error bars represent standard error from the mean natural log reduction value. 
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Figure B.3. Natural log inactivation curves of E. coli PI-7 with (grey circles) and without 

(white circles) bacteriophages under simulated solar irradiation in buffer solution. 

 

Fluence presented in charts is from visible + UV light and was 27.78 J/cm2 per hour. 

Fluence in the UV portion alone was 8.11 J/cm2 per hour. See Figure S1 for more 

detail on fluence. 

Decay constants and half-lives were calculated from natural log inactivation curves. 

Error bars represent standard error from the mean natural log reduction value. 

See Table 4.2 for detailed inactivation kinetics. 
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