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                                Abstract
Bacteriophages are viruses which are able to infect and kill bacteria. Due to their natural properties, they can have serious impacts on some bioprocesses that are driven by bacteria. In general, the extent of the interference with a bioprocess by bacteriophage presence is dependent on many factors. The properties of bacterial components of bioprocesses, however, seem to be key factors in maintaining bioprocess integrity in the face of contaminating phages. Bacteriophages may also provide benefits in some circumstances – in the form of prophages, they may, for example, boost the metabolism of the host cells, increasing bacterial productivity. Phages may also be used as biocides in order to eliminate unwanted bacterial contaminants. Their role in various bioprocesses is discussed in this chapter.
Keywords
	Phage contamination
	Lysis
	Bioprocesses
	Prophage
	Failure
	Fed-batch




                            

                            

                            

                            
                            
                                
    
            
            
                
                        Download reference work entry PDF
                            
                                
                            
                

            

    


                            


                            

                            
                                
                                    
                                        Introduction
In many ways, bacteriophages can be viewed as the sworn enemies of bacteria. In laboratories, but also in some production facilities, we can observe the devastating impact that they can have on bacterial cultures. Phages are widespread, and it is estimated that their numbers in environments can exceed the number of bacterial cells by approximately an order of magnitude (chapter “Bacteriophage Ecology”). Despite this prevalence, phages and bacteria in natural environments are generally found in a dynamic equilibrium. There are several reasons for this situation. One of them is that the majority of naturally occurring bacteria are found as what, in the laboratory, we would describe as mixed cultures, that is, consisting of multiple different species. This eliminates the potential of any one phage, given limited host ranges, to wipe out an entire bacterial community. In addition, most potential phage hosts are found in a somewhat diluted state, which has the effect of preventing infecting phages from multiplying too fast. This also provides another, though actually somewhat equivalent advantage, that of host spatial separation. Usually, mixed bacterial communities exist, at least partially, in a form of mixed bacterial biofilm. Due to the high complexity of such biofilms, it may be very difficult for phages to penetrate them to affect the bacterial community (Sutherland et al. 2004; Abedon 2017) (chapter “Biofilm Applications of Bacteriophages”).
Another reason that in nature we observe a co-existence of phages and their hosts, instead of the fast elimination of most bacteria as is often observed under laboratory conditions, is that in nature bacteria are usually starving. That is, they typically live in a nutrient-limited state. This can result in much lower rates of multiplication of phages. Taken together with other factors such as the extracellular decay of phage virions, the long times that can be required to find new hosts, etc., the result can be a much more balanced situation than is often observed in vitro. The situation which we create in the laboratory or during bioprocesses is thus highly unlikely that in the nature, bacterial hosts in the laboratory are exposed to an abundance of nutrients and in many cases are grown as monocultures at relatively high densities.
In the case of the bacteria-driven industrial bioprocesses, which basically rely on a delivery of huge supplies of nutrients to bacteria to efficiently produce products of interest, there are some which are more or less susceptible to irregularities as may be caused by bacteriophages. In the case of some of these bioprocesses, the introduction of phages may, for example, cause a catastrophic chain reaction effect, leading to bacterial culture disruption and potentially also the contamination of production facilities with phages. On the other hand, phages can be used for the benefit of the production process as a way, for example, of protecting processes against specific, unwanted bacterial contaminants. Further, in this chapter, the topic of phage presence in different bioprocesses will be discussed on the basis of both literature survey and personal experience of the author, who is a founder of Phage Consultants – a Polish company which, since its founding in 2007, has been devoted to preventing and troubleshooting phage contamination problems in bioprocesses.


Highly Complex Bacterial Culture-Driven Bioprocesses
Bioprocesses that rely on extremely complex microbial communities, e.g., biogas production or wastewater treatment, have to date never been reported to fail due to bacteriophage action. Although the lack of data about such events may be due to improper investigation of production failures or irregularities, there nevertheless is a relatively small chance that bioprocesses driven by a consortium of hundreds of different bacterial species (Sun et al. 2016) could simultaneously be inhibited by bacteriophages and certainly not by a single bacteriophage type, as many members of these consortia can compensate for shifts in composition caused by phages – and, in addition, phage host ranges typically are not so broad such that a single phage type might easily disrupt multiple distantly related bacterial phyla simultaneously (Hyman and Abedon 2010). There are some data supporting the claim, however, that the phages may strongly influence the effectiveness of even complex bioprocesses (Zhang et al. 2017) and that phages with broad host ranges may be more abundant than we previously thought (Ross et al. 2016). In general, though, the situation in such bioprocesses resembles that known or at least anticipated for the natural environment, i.e., as discussed in the Introduction.


Bioprocesses Driven by Well Defined, Mixed Cultures
Mixed culture-driven bioprocesses are frequently found in the food industry (e.g., Frantzen et al. 2018). Basically, such bioprocesses are driven by highly defined mixtures of several bacterial species and strains, strains which have an ability to convert a raw material into a product. Very often a raw material in such bioprocesses cannot be fully sterilized so there is a chance that native bacterial flora and some bacteriophages may be introduced into the bioprocess. Most frequently such bioprocesses rely on lactic acid production by bacteria, and thus any irregularity caused by phages may result in a lack of proper acidification of the product and thus the failure of the production process (Josephsen et al. 1999). In this kind of a bioprocess, since it is restarted each time using a fresh batch of raw materials, e.g., milk, which will have different bacterial and viral flora, along with otherwise freshly sterilized containment vessels, the reoccurrence of the failure should not be a major problem. That is, the starter cultures should not fail en masse on a regular basis.
Usually instead, reasons for failure are that the different components of the mixed starter culture are systematically eliminated by bacteriophages present in raw materials. Then, such bacteriophages during processing of the product can be spread through the production facility, resulting in introduction into subsequent production batches. At a certain point, when enough of the bacterial components of the mixed culture are eliminated by communities of phages reintroduced into bioprocesses from previous batches, then phages can prevent proper conversion of raw materials into product. In general, there are two ways to deal with production failures of this type. One is the rotation of the starter cultures. This approach allows delivery of a product even if reinfection of the bioprocess by phages which multiplied in previous batches is occurring. Second is improvement in process hygiene which, ideally, results in elimination of reinfection by phages propagated in the previous bioprocesses (Marcó et al. 2012).
In these types of bioprocesses, due to a focus on immunization of strains rather than on prevention of phage contamination, phage resistance mechanisms have been extensively studied and explored (Szczepankowska et al. 2013). Immunization of strains in this case is a selection of spontaneous or induced mutants, which are not sensitive any more to phage infection. The production of starter cultures using such mutants with different phage resistance spectra has become an industry of its own, and even if it does not necessarily completely solve phage-associated problems, it still can allow, for example, dairy facilities to operate with otherwise acceptable numbers of lost batches.


Monocultures in Industrial Biotechnology: Pharmaceutical Catalysts, Bacterial Biomass, and Green Chemistry
There are many bioprocesses which utilize bacterial monocultures. Such bioprocesses are usually much more prone to phage contamination because the presence of only a single phage is necessary to eliminate all or almost all bacteria from a bioprocess. That is, there are no other bacterial species or strains involved in monoculture bioprocesses which can replace one that has been eliminated by a phage in order to continue to produce the desired compound. Usually in these kinds of bioprocesses, the ability to replace a production strain with the one that is resistant to a given bacteriophage is very limited and often impossible. Bacteria in these bioprocesses are selected for their productivity, and in large-scale production bioprocesses, which usually have very narrow profit margins, even a few percent reduction in production yield may not be acceptable. In many cases, even if phages do not directly interfere with the product, early lysis (phage mediated) and thus the termination of production can make product recovery not economically worthwhile (Jones et al. 2000). In cases where solvents or chemicals are produced, the concentration given reduced productivity may be too low for economical distillation or crystallization, and the obtained yield may not cover the costs of the energy required in the whole production process. In the case where bacterial biomass is a product, e.g., in production of probiotics or biopesticides, the presence of virulent phages, even in relatively small quantities, would often result in cessation of desired product accumulation. In cases of enzyme production, obtained activities thus can be too small, or instead the purification process may not be designed for enzyme recovery from lysed cells.
The situation in the case of such processes can be even worse due to the scale of operations. Very often bioprocesses, especially in the field of solvent production and green chemistry (i.e., chemicals which can be produced in sustainable way using microorganisms, e.g., lactic acid, succinic acid, butanol, acetone), are carried out on scales exceeding hundreds of cubic meters. If phage contamination causes lysis of a dense bacterial culture, which can happen particularly if a phage enters a bioprocess late or the initial amount of phage is very low, then titers ultimately may exceed 1011 PFU/ml. Due to scale of operation and the total amount of phages contained in the vessel(s), the chance of contaminating an entire facility with large numbers of phages can be very high. On the other hand, the inactivation of such a massive number of phages can be difficult and at such scales often very expensive when adding up the cost of raw materials and facility operations wasted both to phage infection and subsequent cleanup.
The danger of introducing phages into these types of bioprocesses is relatively high if proper measures of precaution are not taken into consideration. The main reason for such situations is that most of the usual hosts used in industrial biotechnology are very common in natural environments. The result can be a very wide distribution of phages and relative ease of introducing them to bioprocesses. As a consequence, factory hygiene, aseptic procedures, and the sterility of the raw materials have to be assured. Otherwise very high failure rates may be experienced. In general, in the case of large-scale industrial biotechnology, loss of even up to 5% of batches due to various reasons is in many cases within an acceptable range, but in case of phage contamination, if not properly managed, this rate of loss may grow much higher.


Pharmaceutical


 Bioprocesses
In these kinds of bioprocesses, an inability to change the bacterial strain in response to phage outbreak generally does not result in problems arising from optimization of production since usually the compound produced is of very high value and some loss in productivity will not nullify the economics of the production process. The main problem instead is regulatory requirements, which do not allow for the kind of production flexibility which phage contamination can introduce. This is dictated by requirements to make production processes highly controlled. Because of this, every change needs to be approved by authorities and investigated for its influence on the final product quality and safety.
Pharmaceutical bioprocesses usually have much smaller scales of production than industrial bioprocesses, and they are run usually within a range of tens of liters to a few thousand liters, with the exception of the production of secondary metabolites, e.g., antibiotics, which usually are produced on a scale resembling that of industrial biotechnology. Pharmaceutical bioprocesses are usually located in facilities which create much better isolated environments and are protected from the external environment via airlocks and physical barriers. Also, the equipment employed usually is more sophisticated (and thus more expensive), which often offers better protection against contamination.
Increased control over the production process and facility, smaller production scales, strict control over the execution of procedures, and better equipment make these processes less prone to phage contamination than large-scale industrial biotechnology processes. Phage infections, however, can still occur in these bioprocesses, making phages one of the main risk factors which must be considered and minimized via adoption of proper procedures and controls.





Phage Growth in


 Bioprocesses
Bacteriophage development during bioprocesses has not been very well investigated. Usually in large-scale bioprocesses, carrying out an experimental run with added phages is not justified economically, and phage monitoring generally is not part of regular procedures. Consequently, the only observations typically available are failures of the batch, and even this observation is usually not disclosed to the public. The real scale of the phage contamination caused by phages therefore is unknown, and the actual data about phage development under these conditions is found in very few published papers. Due to fact that there are few data available, there are several unanswered questions concerning the ability of phages to destroy industrial bioprocesses. One of the most important is the phage load necessary to cause adverse effects in culture.
From the experience and data gained by Phage Consultants, it seems that the speed of multiplication in a given bacterial culture is highly variable in the case of phages isolated from bioprocess contamination. Most frequently, however, the phages involved in bioprocess contamination appear to be fast growers, but several exceptions have been observed. In the analytical runs made in our facilities, phage development rates under optimal conditions on Escherichia coli, the most frequently used bacterium in bioprocesses involving monocultures, could reach over 100,000 progeny phages per hour. At the same time, the multiplication rate of the host was at best 16 daughter cells, which means that the rate of multiplication of phage may exceed those of bacteria by nearly one thousand-fold. As it is easy to calculate – assuming that a single phage particle capable of this growth ratio is introduced into a 100-cubic meter bioreactor and inoculated with E. coli to 108 cells/ml and that the development conditions will be kept optimal over the whole time of fermentation – the culture will lyse in about 4 h. Of course, this is just a theoretical assumption, as this growth rate of bacteria cannot be maintained for such a long time at this scale in batch-type bioprocesses. Thus, the real growth rate, at least for the majority of the bioprocess for both – bacteria and phage – will likely be lower, which means that while culture-wide lysis likely will still occur, that occurrence may be much later. The fed-batch phase of the bioprocess or low-temperature phase of the bioprocess usually slows down phage increase considerably, but at the same time, bacterial growth is also much slower.
In bioprocesses involving mixed, well-defined cultures, infection by a single phage strain may not show a negative impact on production, as it may affect just one of the many components of a starter culture. The accumulation of a few phages attacking different species involved in the bioprocess or a phage with broad host range affecting a few components of the starter culture, however, may be able to interfere with the bioprocess or even to cause its failure. As noted, there are very few descriptions in the literature of bioprocess failures and the phages that cause them, and this is so especially when it comes to the bioprocesses driven by monocultures. With some exceptions (Ogata 1980; Maeda et al. 1986; Teuber et al. 1987; Jones et al. 2000), the majority of the literature available instead is about phages infecting dairy fermentations (e.g., Szczepańska et al. 2007; Mahony et al. 2012). The most frequent types of phages involved in bioprocess failures in the case of E. coli monocultures are Siphoviridae (Wu et al. 1991b) belonging to the group of T1-like and RTP-like phages. They constitute up to 70% of all phages isolated from failed fermentations (Phage Consultants, unpublished data). Phages belonging to Myoviridae (Wu et al. 1991a) are less frequently observed and are responsible for approximately 25% of all failures. Remaining phage-caused failures are due to Podoviridae. Failures due to the phages outside of the order Caudovirales (Labrie et al. 2014) are seldom seen and taken together; they constitute less than 1% of all cases but nevertheless still occasionally occur (Phage Consultants, unpublished data) (chapters “Genetics and Genomics of Bacteriophages” and “Bacteriophage Discovery and Genomics”).The characteristics of phages infecting bioprocesses are similar: They show high resistance to adverse conditions, including quite high desiccation resistance and fast growth in the culture with relatively high final titers. Sometimes other characteristics can be observed, which may give a clue as to the possible phage origin in the bioprocess, with the most common contaminants seeming to be airborne or transferred in raw materials. As the most common contaminants are to some extent related to T1 phage, it is very tempting to attempt to protect the operation simply by use of T1-resistant (tonA) mutants of production strains. Although the approach sounds rational, tests of contaminating phages carried out by Phage Consultants have shown that TonA-dependent phages, even from the family Siphoviridae, constitute a minute fraction of all isolates. Thus, it is never recommended by us to use of this type of approach as it will not protect against the vast majority of potential contaminants but instead may create a false sense of security and thereby provoke a “lowering of the guard” by operators in production. The presence of a phage in fermentation means that procedures or equipment are not performing well, and thus, even if one type of phage will be by chance blocked by the mutation in the host cells, other types may be quickly acquired.
There are several generic recommendations, which may be useful in phage prevention and in phage troubleshooting published elsewhere (Bartholomew et al. 1974; Primrose 1990; Los et al. 2004; Bogosian 2006; Los 2012). Some aspects of contamination prevention and troubleshooting will be discussed in more detail in subsequent paragraphs.





Prophages in





 Bioprocesses
Prophages in production strains are considered to be potential risks due to probable synchronous induction by cultivation conditions and resulting bacterial lysis and phage release. Their presence, however, also can offer some benefits to the production process, e.g., by increasing biomass gain or reduction of metabolic fluxes (Edlin et al. 1977; Lin and Bitner 1977; Chen et al. 2005). They also can sometimes offer higher resistance against virulent phages (e.g., Pizer et al. 1968). Because of this, in some processes their presence may be desirable.
Some common production strains contain native or manipulated bacteriophages. An example of those are prophage Wϕ of the common industrial host, E. coli W, which is a P2-like prophage (Archer et al. 2011), or DE3 in E. coli BL21 which is a defective λimm21 engineered to incorporate the T7 RNA polymerase gene (Studier and Moffatt 1986). In the case of fermentation failure, these prophages are usually blamed as a likely cause, despite the fact that they are not a very common cause of such failures (Phage Consultants, unpublished observation). In some cases, it is difficult to predict if a given prophage may cause a fermentation failure due to induction, because for some phages the inducing factors are not known. Even in cases of well-studied and understood mechanisms of induction, it still can be difficult to predict when or if they may occur in a large-scale fermentation. On the other hand, the conditions present in large-scale bioprocesses can be difficult to reproduce in the laboratory for the sake of checking for induction likelihood (Soini et al. 2011; Käß et al. 2014). Different stresses present in large-scale fermentations due to, e.g., inhomogeneity in conditions caused by slow diffusion and mixing (Enfors et al. 2001), are hard to reproduce at smaller scales. Thus, prophage-inducing conditions may be noticed very late in the production process development and scale-up, as they may be present only after final scale-up of the bioprocess. This causes a high degree of uncertainty and thus should be well investigated, if possible, prior to scale-up of the bioprocess. One method, which might help to simulate this type of stress and to evaluate the effect on the prophage stability, may be a scale-down bioreactor, where inhomogeneity of the bioreactor content is achieved by injection of the component such as feed, base, and acid to the loop or second compartment, which is connected to the main bioreactor vessel, and assure a zone of temporary transition to the environment, which can be microaerobic, high-nutrient, high-osmotic and low- or high pH, or any combinations of those which a fraction of the culture is passing through at controlled speed (Neubauer and Junne 2010).
Even though prophage induction seems to be seldom a cause of bioprocess failures, prophages still will undergo spontaneous induction with certain frequency. This may lead to build up of relatively high levels of phage particles (Rotman et al. 2010) and then may cause a threat to other bioprocesses in multiprocess facilities and in contract-manufacturing environments. In some cases, prophage-carrying bacteria therefore can require extra caution, and proper procedures should be in place when using prophage-containing production strains.








Bacteriophage Contamination Troubleshooting and Prevention






Once in the bioprocess, bacteriophages are extremely difficult, if not impossible, to deal with. Saving a bioprocess, especially a monoculture, is usually not an option. To make the situation worse, there generally is a very limited repertoire of methods which can be used to detect phage infection before the first macroscopic symptoms occur. And the first macroscopic symptoms usually are visible just before culture lysis, i.e., before the drop of the optical density of the culture, when phages have already infected a substantial fraction of the bacterial cells. The earliest warning may be sluggish culture growth, but this may be easily caused by other factors. Increased antifoam consumption or increased foaming may also be a first warning, which usually indicates the extensive lysis of bacterial cells in the bioprocess. Usual symptoms, like heavy foaming, slower carbon source consumption, and higher than usual levels of dissolved oxygen, can be detected just before lysis occurs in fed-batch bioprocesses. In batch bioprocesses supporting rapid bacterial growth, usually lysis and foaming are synchronized, and oxygen consumption may not be properly read due to extensive foaming.
Due to the fact that phages manifest their presence very late in the bioprocess, when their numbers are already high, the major focus once phage infection is suspected should be directed toward minimizing contamination spread in the facilities and otherwise effective decontamination. Some hints may be found in previous literature about a proper approach to facility decontamination after phage attack (Bartholomew et al. 1974; Primrose 1990; Los et al. 2004; Bogosian 2006; Los 2012). The most important aspect is the awareness of personnel, which results from proper training. Success or failure in minimizing the impact of phages on facilities thus is fully dependent on the operators. If they implement proper procedures in response to symptoms which may indicate phage infection of a bioprocess, then infection can be prevented from spreading elsewhere in the facility and causing subsequent secondary contamination of production batches. Of course, such procedures must preexist in a facility. This is the second most important aspect of phage contamination troubleshooting: emergency procedures cannot be designed only as needed, when time is scarce and poor decisions may increase contamination of the facility and thus lower the probability of the success of following batches. The third most important aspect of phage contamination prevention and troubleshooting is adequate construction of procedures. When designing standard operation procedures, one must take into consideration that, e.g., a majority of commonly used disinfectants do not have a strong viricidal effect on phages. Usually, in the case of contamination of several batches, for the sake of problem-solving, a deep root cause analysis should be implemented. Problems in particular may not originate from the presence of phages alone but instead may be a consequence of flawed equipment, procedures, or facilities.
In the case of phage contamination prevention, more broad actions should be undertaken. A detailed revision of procedures, work habits, equipment, and facility construction are usually part of bacteriophage prevention action. One part which we strongly recommend is to test various disinfectants and cleaning agents used in the facility for their ability to inactivate typical phages. The results of these tests may help to modify cleaning and emergency procedures in order to provide a benefit in phage prevention and troubleshooting in the facility. The ultimate aim of these actions is to anticipate and then fix all potential problems which may result in introduction of phages into bioprocesses. The other part is a constant monitoring for phage presence in incoming cell banks, critical raw materials, and regular environmental monitoring for the potential phage buildup in facility environment. Sometimes changes in production process design alone may significantly decrease the risk of phage contamination.
Once phage contamination has occurred, it is extremely important to prevent its spreading in the facility. As long as phages are contained in a heat-sterilizable bioreactor, the situation is easy to cope with. A majority of phages are not very heat-resistant, and a standard cycle of wet heat sterilization should easily kill the vast majority of phage types of mesophilic hosts. Usually sterilization by heating a bioreactor’s contents to 121 °C shows very rapid inactivation kinetics of phages. This approach is possible only when phage contamination is properly recognized by operators, however. In many cases of phage contamination, especially when the phage is introduced late in the bioprocess, e.g., by addition of raw materials like air, feed, inducer, etc., the phage multiplication in the culture may not reach a threshold sufficient to produce obvious symptoms. Such production is considered successful, and usually it undergoes harvest and downstream processing. Downstream processing, in general, has the greatest potential to spread phage and contaminate the whole facility. Thus, our recommendation is to keep those steps of the process well separated from main fermentation and to design them in a way, which would minimize the spreading of bacteriophages.
Once spread in facility, phages need to be cleaned up. This may not be the easiest task, as phages are sensitive to relatively few disinfection agents, and moreover the sensitivity of different phages sometimes differs substantially. The substances which have the broadest anti-phage activity are usually various oxidative agents capable of damaging DNA (Phage Consultants, unpublished data). Some of them, such as a viricidal disinfectant recipe containing 10 mM ascorbic acid and 0.05 mM cupric chloride, named “ascorbinator,” described by Bogosian (2006), can be easily prepared in laboratory and are simple to use. Use of effective disinfectant is crucial in decontamination, as use of disinfectant which has no effect on phage will result only in more equal distribution of contamination within the cleaned area and will not contribute significantly to reduction in phage contamination. The results of inefficient elimination of contamination may be very serious. Some phages may survive for a very long time in a desiccated state and may reappear even after a very long time in the same facility reinfecting another bioprocess. The conclusion is that the effectiveness of the decontamination effort should be laboratory tested. Proper environmental swabbing and search for surviving phages should give a good idea about how effective the effort was.
One very common mistake is to urge a prompt restart of production in the affected facility. This is understandable as the downtime is very expensive; however too early a restart of the production nevertheless may cause another failure and further facility contamination. It is, therefore, highly recommended to wait for the results of tests confirming phage elimination from the facility and equipment before the decision about the restart of the production is made.
The problem which should be eliminated is not only the phage contamination itself but also the entry point of the phage to the fermentation. In general, equipment used for the fermentation is constructed in a way which theoretically should protect the contents of the bioreactor from any external contaminants. The fact that phages were able to penetrate the bioprocess indicates that there is a weak spot in the bioprocess design or execution. It can be an improper choice of equipment but also improperly designed or executed methods. The fact that the bioprocess running smoothly, even for many years, does not necessarily mean that the design is perfect. It may be good enough in an environment where there is a low abundance of process contaminants, but it may prove inefficient, should phages penetrate the bioprocesses, manage to multiply in great number, and are then released into the facility environment. Since many of the procedures intended to prevent phages from entering the bioprocess are probability based, e.g., filtration, heat inactivation etc., increased amounts of phages in the environment will increase also the probability that some of them may pass through the system.
The root cause analysis of the contamination should aim to strengthen these barriers in order to prevent potential phage infections in the future and in order to break the loop of reinfection in an ongoing outbreak. The experience of Phage Consultants in this matter points out that determination of the root cause of primary contamination, i.e., the very first phage entry to the bioprocess, is more difficult and seldom successful, while secondary contamination, i.e., phage reinfecting subsequent bioprocesses, is easier to investigate. The establishment of root cause of secondary contamination is very important, as it usually provides data, which can be used for important improvements of the production process. In the case of primary contamination, factors that usually do not leave a trace in the course of documentation or any biological indicator are more common. In case of secondary contaminations, it is easier to find patterns which would point to specific parts of the bioprocess as the phage entry point. In our opinion, one of the most common phage entry points originates from poorly designed or executed procedures. A hardware issue is less common but is nevertheless a not unusual cause of the problem. Next in frequency, as a causative agent of contamination, is the contamination of raw materials or cell banks.
Once the contamination is observed in the facility, it is extremely important to run a root cause analysis, as noted before. The results of such analysis provide an excellent opportunity to learn from mistakes and to improve procedures and production processes in order to restore productivity but also to avoid such problems in a future. The investigation of the case should always be supported by good understanding of the contaminant capacities and the overall situation in the facility. The elements of the root cause analysis should be at least:
	
                Basic contaminant characterization

              
	
                Spatial and temporal facility contamination mapping

              
	
                Raw material and cell bank tests

              
	
                Phage development kinetics in conditions similar to those found in fermentation

              

In general, there is no universal method to troubleshoot a phage contamination outbreak in production and research facilities. The procedure should generally focus on improvement of various aspects of operational processes. Focusing on elimination of phages only, without deeper root cause analysis and more elaborate improvement of equipment, work habits, procedures, process flow, etc., may provide just short-term benefits while leaving the bioprocess still well exposed to subsequent phage contamination.








Bacteriophages as Antibacterials in




 Bioprocesses
Even though in a majority of cases phages in bioprocesses may be considered to be a “worst-case nightmare,” there are several bioprocesses which may benefit from the use of the bacteriophages as antibacterial agents. Multiple types of processes are prone to bacterial contamination which cannot always be prevented, for various reasons, by addition of antibiotics or different chemical agents. The most common examples are bioprocesses driven by yeast, e.g., ethanol fermentation, which are frequently contaminated by lactic acid bacteria that can have the effect of reducing product yield and the efficiency of the production process (Solomon and Okull 2009; Silva and Sauvageau 2014). An approach of adding contaminant-antagonizing phages, due to the generally high specificity of those phages, can potentially be used in bacterial bioprocesses even when a contaminating microorganism is relatively closely related to the production organism. The multiplication of phages in the presence of targeted bacterial hosts also can make the use of phages economical as generally only relatively small amounts will be required for each batch (Bertozzi Silva and Sauvageau 2014, Phage Consultants, unpublished data). That is, the impact of such contaminants, especially in non-pharmaceutical-grade bioprocessing, is generally more quantitative than qualitative. Thus, only when these bacteria reach high enough densities will they be expected to be sufficiently problematic to warrant a response. By reaching such higher densities, however, substantial phage population growth can be possible. Previously mentioned growth rates reaching over 100,000 progeny phages/hour can be achieved when contaminants are at sufficient density, but multiplication rates observed given lower host densities may be able to adequately suppress bacterial population. Thus, the expectation is that even with the addition of only relatively small numbers of contaminating bacteria-antagonizing phages, there can be substantial increases in the numbers of those phages within batches but only to the extent that targeted contaminants themselves first replicate to higher densities (Phage Consultants, unpublished data).
When relatively high phage loads were added to experimental yeast fermentation, reaching MOI = 0.1 in the case of initial contaminating bacteria loads reaching 105 cells/ml and 107 cells/ml, which corresponded to 104 phages/ml and 106 phages/ml, the productivity of the fermentation was restored when compared to the productivity of fermentations without phage addition (Bertozzi Silva and Sauvageau 2014). We tested experimentally this approach and concluded that it may be effective even at such a low initial level of phage as 50 phages/ml, but the result of the fermentation in such cases will be strongly dependent on the overall setup of the process and the sensitivity of production host to contaminant interference (Phage Consultants, unpublished results). In the case of some bacteria, e.g., sporulating bacilli, elimination of them from the production equipment may be very difficult or even impossible. In such cases phages may offer an economically effective alternative to protect bioprocesses from bacterial contaminants (Phage Consultants, unpublished data). These observations are in line with the work published by Chao et al. (1977), which show the complexity and the dynamics of such interactions in longer perspective, which results in a kind of arms race between phage and bacteria.







Conclusions
In bioprocesses driven by bacteria, bacterial production efficiency is the key to process economy. Bacteriophages may, however, have a strong impact on productive efficiencies. To the extent that we are unable to completely prevent phages from entering bioprocesses, then resulting phage contamination may modify output, either quantitatively (e.g., less product) or qualitatively (especially contaminated product). Thus, ideally management of production will at least take into account the potential for phage contamination, and, also ideally, efforts will be proactive toward preventing or at least minimizing such contamination.
A number of scenarios have been discussed concerning the context of phage contamination. One such case is seen with large-scale, semi-open bioprocesses driven by large consortia of bacteria. In such bioprocesses, entry and development of different phages are inevitable. Their impact nevertheless tends to be limited, even though in some cases they can influence the efficiency of the process. Thus, with some irony as well as fortune, it in fact is those circumstances in which phage contamination is most expected and least controllable that phage impact also generally will be of lowest concern.
In the case of more defined, closed bioprocesses, phages are more unwelcome guests. This is because under these circumstances they generally are better able to destroy whole cultures, particularly in the case of monocultures, or otherwise reduce the efficiency of key bacterial components, making economical production impossible. In addition, the content of phage-contaminated production lines can become highly contagious to subsequent production batches.
There are a few papers published about the possible ways to prevent and control such situation in order to minimize impact of phages (Bartholomew et al. 1974; Primrose 1990; Los et al. 2004; Bogosian 2006; Los 2012), but still in many cases an individual approach to a given facility and the production process is necessary to provide optimal protection along with fast recovery from phage contamination events, as protection cannot be guaranteed by just following a few general rules. It is also necessary to note that use of poorly defined bacterial strains can serve as “Trojan horses” through their carriage of unidentified prophages, which may increase chances of bioprocess failures if not managed properly. Also, known prophages in common production strains including, but not limited to, E. coli W, E. coli BL21(DE3), and their derivatives, may occasionally cause problems in certain circumstances.
Despite the rather grim role of phages in industrial bioprocesses, there is increasing interest in the use of phages as cheap and eco-friendly biocides, which can protect different production processes against bacterial contamination (Solomon and Okull 2009; Silva and Sauvageau 2014; Phage Consultants, unpublished data). Even though this approach has to date mostly been explored in the laboratory, it may be a promising alternative to the use of massive amounts of chemicals or antibiotics in some bioprocesses. In other cases, phages may serve as the only solution and particularly so in cases where contaminating bacteria are too closely related to production strains to make feasible use of less-specific antibiotic or biocide contaminant antagonists.
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