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Foreword

This standard describes field test methods that are useful for evaluating microbial populations, including sessile microbial populations, commonly found in oilfield systems.  The described test methods are those that can be performed on site and require minimal laboratory equipment or supplies.  The described test methods are not the only methods that may be used, but are methods that are the most often utilized and have proven to be useful in oilfield situations.  This standard is intended to be used by technical field and service personnel, including those who do not necessarily have extensive or specific training in microbiology.  However, because microbiology is a specialized field, some pertinent and specific technical information and explanation are provided to the user.  Finally, the implications of the results obtained by these test methods are beyond the scope of this standard.  The interpretation of the results, and their relation to risk to the system, is site and system specific and may require more expertise than can be provided by this standard.

This standard is loosely based on a document produced by the former Corrosion Engineering Association (CEA).  CEA operated in the United Kingdom under the auspices of NACE and the Institute of Corrosion (Icorr).([footnoteRef:1])  This NACE International standard was originally prepared in 1994 by NACE Task Group T-1C-21 under the direction of Unit Committee T-1C, “Corrosion Monitoring in Petroleum Production.”  It was revised in 2004 and 2014 by Task Group 214, “Bacterial Growth in Oilfield Systems—Field Monitoring:  Review of NACE Standard TM0194”, which was administered by Specific Technology Group (STG) 31, “Oil and Gas Production—Corrosion and Scale Inhibition,” and by STG 60, “Corrosion Mechanisms.”  It was revised/reaffirmed by TM0194, Field Monitoring of Bacterial Growth in Oil and Gas Systems, which is administered by Standards Committee (SC) 22, Biodeterioration. It is issued by AMPP under the auspices of SC 22. [1: ()  Institute of Corrosion (Icorr), P.O. Box 253, Leighton, Buzzard Beds, LU7 7WB, England.] 


In AMPP standards, the terms shall and must are used to state requirements and are considered mandatory. The term should is used to state something that is recommended, but is not considered mandatory. The term may is used to state something considered optional. 


Section 1: General

1.1	Scope

1.1.1	This standard describes field test methods useful for evaluating microbial populations commonly found in oil and gas systems.  Transportation of samples from the field to laboratory prior to analysis may significantly change the viability and characteristics of the microbial community.  Therefore, where practical, analyses and preservation should be conducted onsite.  The microbial assays described herin are those most commonly accepted as current best practice for microbial monitoring.  

1.1.2	The presence of microbes in a system, in itself, if not indicative of a predicted level of risk.  In addition, microbial populations which cause undesirable consequences in one situation, or system, may not in another.  Microbial population determinations are diagnostic tools useful in assessing a system, to be used in conjunction with relevant ongoing monitoring data.

1.1.3	A glossary of terms used in this standard is provided in Appendix A (Mandatory).


1.1.4	This standard details microbes generally recognized as problematic in oilfield systems and does not consider other organisms that may be found in oilfield fluids, such as phytoplankton (algae), protozoa, or marine organisms such as zooplankton (copepods). 

1.1.5	
1.1.6	  Some microbes are not readily detected via culture-dependent assays, therefore, alternative  molecular microbiology methods (MMM) are provided in Appendix B (Nonmandatory) to assist in elucidating the full microbial population.  Microbial growth media are given in Appendix C (Nonmandatory).   

1.1.7	This standard describes dose-response (constant concentration versus time-kill) planktonic testing for evaluating biocides used in oilfield applications.  The minimum inhibitory concentration should be determined by testing using the methods outlined in this and other standards.  The minimum inhibitory concentration varies with the required result, microbiocide, and required dosage to accomplish the objective.

1.1.8	Methods for evaluating surface attached (sessile) microbes are addressed in Section 3.  The importance of these microbes in oilfield problems is usually not adequately considered.  Sessile populations are often the most important component of a system’s microbial ecology.1

1.1.9	Methods for the rapid enumeration of microbial populations’ activity are addressed in Appendix B.  The user must determine the applicability of these methods to the site/system.  Similarly, there are a number of commercially available assays for detecting various types of microorganisms that are not discussed in this standard; however, the user can utilize this standard to evaluate the suitability of these test kits for any particular situation.

1.1.10	Additional information on the corrosion problems associated with microbial growth in oilfield systems is given in NACE TM0106 and NACE TM0212.2,3

Section 2: Sampling Procedures for Planktonic Bacteria

2.1	Baseline Sampling

2.1.1	Natural microbial population fluctuations and irregular microbial distribution within water systems may hamper accurate assessment of microbial populations.  If the baseline studies described here show a large variation in reported microbial populations, several samples should be taken on each occasion and combined (averaged).  

2.1.2	Field operators should be solicited for valuable information.  These operators can often provide, or obtain, important historical biological monitoring (background) data taken from the system.  Communication with operators can also ensure that baseline sampling occurs during normal operations and not during excursions (pigging, shut-ins, biocide treatments, etc.).  In addition, selection of ideal sampling sites can best be made in cooperation with operators.

2.1.3	Sampling Frequency

2.1.3.1	Sampling frequency depends on how the field system operates and should encompass the various stages of its operation.

2.1.3.2	Systems may exhibit large population variations over a short time.  To establish the natural variation in microbial populations, samples (bulked or otherwise) should be taken randomly over several days to establish a baseline.  This work should also establish the sample points that are representative of the system.  As an example of what sample frequency might be required, twice-daily sampling over three to five days is often used.  In other cases, greater sample frequencies over longer time periods may be required. 

2.1.3.3	If the evaluation spans several months, it is important to account for any system variables that are related to seasonal changes.  Typically, these variables can only be established with extensive background monitoring.

2.1.3.4	It may be misleading to evaluate biocide performance based upon planktonic, or bulk fluid, monitoring in a flowing system.  New planktonic microbes will be flowing through after the biocide has passed, and monitoring planktonic microbes will not demonstrate the efficacy of the biocide against the sessile microbes. Removing these biofilm populations is ultimately the goal of most biocide applications.   

2.1.3.5	To fully understand the ecology of a system, suitable representation of the entire system should be surveyed rather than only areas where elevated microbial populations are expected or where obvious microbial problems are occurring.  Data should be generated over time to identify possible trends.

2.2	Sampe Bottles

2.2.1	It should be assumed that microbial populations undergo both qualitative and quantitative changes over time while being held in any sample container. Sterile sample containers should be used, if possible.  New containers should be used if sterile container are not available.  Samples that were collected in non-sterile containers should be so-noted. 

2.2.2	To minimize changes in populations, the sample should be analyzed without delay, preferably on site.  If a delay of more than one hour is unavoidable, it should be noted that errors in microbial population evaluations may result. Analyses must occur within 8 hours of sample collection, possibly sooner depending upon the assay 

2.2.3	The sample container should be completely filled to minimize oxygen ingress, and then closed with a screw cap (preferably with an airtight liner).  Note: if the samples contain H2S, a headspace is necessary if utilizing glass bottles to prevent the bottles bursting during transit.  The cap should only be removed just before sampling and replaced immediately afterwards.  Touching the internal surfaces of the container neck and cap should be avoided.

2.3	Sampling Locations and Possible Problems

2.3.1	These sampling procedures pertain only to planktonic microbes.  Special procedures are required for sampling sessile populations, as described in Section 3.  Relying solely on planktonic results for problem solving may lead to serious misunderstandings of the extent or nature of microbial load or risk to the system.

2.3.2	Readily available sampling points may not be suitable for identifying a microbiological problem (i.e., at or close to the suspected location of the problem).  Planktonic samples should be collected from well-flushed sample points, unless the objective is to determine risk in a dead leg or the like.  Ideally, consultation on sample point location should take place during the design and construction phase of the facility. 

2.3.3	Samples may be taken from either flowing stream (e.g., pipeline) or static (e.g., storage tank) systems.  Typically, samples should be obtained by slightly opening (or slowly opening) the sample point to the point of flow and adjusting the flow to a steady rate.  The fluids should be allowed to flow to thoroughly flush out dead-space fluids and solids before the sample is collected (limited sample volumes may exclude the prior statement, but the sample should be representative to the system).  In some instances (such as with tank bottoms or when sampling from open waters), a specially designed sampling apparatus (e.g., a sampling bomb, a sample thief, or a pumped line) may be required.

2.3.4	During sampling of systems containing both oil and water, phase separation should be permitted to occur before the water is used.  Samples with low water cuts (i.e., low percentage of water) or those with tight emulsions may not contain enough water for testing.  If an additional sample is necessary to obtain enough water for a particular test, caution should be exercised to prevent contamination during sample bulking.  

2.3.5	If the detection of very low microbial populations is desired (i.e., less than one viable cell per mL), special means to concentrate the microbes must be used.  One common method for doing this is the membrane filtration technique.  See Appendix D (Nonmandatory) for more detail.  Sterile sample containers must be used with the membrane filtration technique. 

2.4	Planktonic Microbial Sampling
	
2.4.1	The following procedure shall be used to obtain planktonic samples and perform a culture analysis for the enumeration of problematic classes of bacteria.  Collect the representative liquid system sample into a sterile container as described in Paragraph 2.3.  Using a 1 mL sterile syringe, inoculate 1 mL of the liquid sample into the first media dilution vial.  Vigorously agitate the vial to mix and carefully discard the syringe.  NOTE: Because the sample will contain a consortium of bacteria from the system, it is acceptable to inoculate the first bottle of different  media types using the same syringe. Discard the syringe. Vigorously agitate the inoculated vial and, using a new sterile dilution syringe (and all of the second dilution vials for each respective media), repeat this procedure in the same manner, using new sterile syringes between dilutions until an appropriate dilution factor is reached.  The appropriate dilution factor depends on the expected microbial population.  In cases of severe contamination, the user may wish to determine the microbial load by a complete dilution-to-extinction procedure which may require a 1012 dilution factor (12 media vials).  NOTE: Sampling procedures for non-field based microbial testing are found in  Appendix B.

2.4.2	The following information should be recorded when taking samples:

2.4.2.1	Date, time, and location of the sample.

2.4.2.2	Sample temperature and pH.

2.4.2.3	Hydrogen sulfide (H2S) content.

2.4.2.4	Any production chemicals present, with concentration noted.

2.4.2.5	Observations on color (particularly suspended metallic sulfide or black water), turbidity, odor (particularly H2S), and the presence of slime and deposits.

2.4.2.6	Other relevant information pertaining to the sample.

Section 3: Sampling Procedures for Sessile Microorganisms

3.1	Sessile microorganisms, such as those in biofilms, are responsible for many of the microbiological issues in fluid process systems.  The previously discussed planktonic sampling techniques are of limited value for assaying these microorganisms.  The following guidelines should provide a basis for analytical work that yields valuable information about sessile microorganisms within industrial fluid systems.

3.2	Sampling Sessile Microorganisms and Biofilms

3.2.1	Any removable field system component (e.g., pipe sections, rods, etc.) can potentially be used to sample for sessile microorganisms.  These removable components are referred to as “coupons” in this standard.  Coupons specially designed for microbiological use are available.  Pigging debris may also be used for biofilm analysis.  Optimally, testing or preservation of these samples is performed immediately upon removal from the system.

3.2.2	The coupons may be located in suitably designed side streams, or they may be placed within actual system flow paths by employing properly designed coupons and access fittings.  The coupons must be located such that they are representative of sessile microbiological growth.  For example, coupons are often located at the “6 o’clock” position in oil and gas piping.  NOTE: Coupons extending from the pipe wall into the flow stream experience additional turbulence compared to flush-mounted coupons; therefore, the sessile populations under the two flow regimes may be significantly different.

3.2.3	When metal coupons are used, they must be similar in composition to the pipework of the system and electrically isolated to prevent galvanic effects.

3.2.4	During any baseline or investigation survey, sessile samples should always be collected from as close to the affected site as possible.  Samples from adjacent or nearby undamaged areas may be collected for comparison purposes.  Good sources are coupons, filter backwashes, pig runs, pipe walls at unions, etc.  Corrosion failures should always be tested for sessile microbiological populations.  NOTE: Testing on these samples must be performed immediately upon removal from the system or preserved for later molecular microbiological methods of analysis.

3.2.5	While clean coupons inserted in the system may be rapidly colonized by microorganisms, the time taken for the development of a dense biofilm is variable and depends on the system.  A major obstacle in working with sessile microbiological samples is the uneven nature of sessile growth within the system (patchiness).  For this reason, multiple sessile samples (or large surface areas) should be removed during each sampling episode. 

3.3	Sampling Methods for Sessile Microorganisms 

3.3.1	The sampling devices described in Section 3.2 may be used to monitor biofilm development by periodically removing them and then applying the techniques described to characterize (count or speciate) the microorganisms (Section 4).  With sessile microorganisms, the cells shall be removed from the coupon by scraping with a sterile scalpel or non-fibrous applicator, swabbing, shaking with glass beads, or using ultrasonic devices.    Considerations for sample collection and storage vary depending on the desired method of microbiological testing.  Samples may be divided as required for the appropriate testing technique. 	Comment by Nicole Taylor: Reference specific subsection in the final revision here

3.3.2	Briefly, the following procedure shall be used for collecting sessile bacteria samples.  Wet the sterile, non-fibrous applicator with an appropriate sterile diluent solution such as PBS (Appendix C, Table C8) and swab or scrape a known surface area or mass of biofilm or soft corrosion product from the surface being tested.  Break the tip off the applicator into a sterile vial or collect the scraped material.  The amount of the sample collected will depend on the system, the limit of detection (such as cm2 or g), and the amount needed for the testing to be conducted.  	Comment by Nicole Taylor: See TM21495 for detailed procedures to collect different types of solid samples.  

3.3.2.1	For cultivation-based testing (including bug bottle speciation, MPN, serial dilution, and others), the following procedure shall be used.  Add PBS to the solids or swab collected in Section 3.3.2 and vigorously shake the PBS vial to disperse any solids and attached microorganisms.  This solution is now the diluted sample that will be used for testing.  Using a 1 mL sterile syringe, inoculate 1 mL of the diluted sample into the first media dilution vial.  Vigorously agitate the vial to mix and carefully discard the syringe.  NOTE: Because the sample will contain a consortium of microorganisms from the system, it is acceptable to inoculate several media types using the same syringe for the identical dilutions between medias.  Do not use the same syringe between dilution bottles of the same media type. Vigorously agitate the inoculated vial and, using a new sterile dilution vial (and all of the second dilution vials for each respective media), repeat this procedure in the same manner, using new sterile syringes between dilutions until an appropriate dilution factor is reached.  The appropriate dilution factor depends on the expected population.  In cases of severe microbiological contamination, the user may wish to periodically determine the population by a complete dilution-to-extinction procedure which may require a 109 dilution factor or greater (9 + media vials).  

3.3.2.2	For culture-independent test methods, including photometric, enzymatic, and immunological assays, refer to Sections 5 and 6 of this standard for assay-specific sampling best practices.

3.3.2.3	The following collection procedure shall be used for molecular microbiological analysis of sessile samples including speciation via qPCR, NGS, and others (detailed in Section 5).  The purpose of this method is to arrest changes to the microbiological community that occur during sample collection, shipment, and storage.  Commercially available liquid preservatives or storage at 4°C may be used to maintain the integrity of DNA or RNA in samples.  If a liquid preservative is being used, thoroughly mix the swab or solids collected with the preservative in a sterile vial.  NOTE: Whether preserved or cooled, the sample should be delivered to an appropriate laboratory as quickly as practical for further processing.  The microorganisms collected in this manner are not indefinitely stable.   

Section 4: Selection of Microbial Testing Technologies
4.1	Industrial systems with fluid-containing processes, including those experienced in the oil and gas industry are confronted with the impacts of microbial activity.  Fortunately, many microbial testing technologies have been developed or adapted for use by industry.  With the luxury of different testing technologies available, comes the requirement to select the appropriate technologies when assessing microbial activity – selection is not a trivial endeavour.  The first step in selecting testing technologies is to recognize the purpose of gathering microbial-related information.  Ultimately, that purpose is to prevent or mitigate against the negative consequences of microbial activities in one’s asset or system/process.  The holistic approach to collecting microbial data, interpreting it, and making an informed decision is captured in the concept of a biomonitoring program (Lomans et al., 2016).

4.2 	Biomonitoring Programs in Industrial Systems
4.2.1	Microbial testing in industrial systems is conducted for the purpose of assessing the threats and potential (or realized) consequences microbial activity presents to assets and processes.  In a similar way to how risk can be defined as the product of frequency and severity, microbial related threat assessment can be defined as the product of microbial load (cell abundance, or bioburden), and community composition (Figure 1).  When conducting microbial testing and evaluating results, a sample with a low microbial load comprised of innocuous microbial genera or species represents the lowest microbial related threat to a system, whereas high microbial loads of potential MIC, souring, or biofouling  (to name a few) causative microorganisms represent the highest perceived threat.  To this end, biomonitoring programs or microbial testing efforts often benefit when comprised of analyses that provide both enumeration and identification of the microorganisms present.  Combinations of different analyses are often conducted on the same sample(s) to achieve this objective.
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Figure 1: Microbial threat assessment is  the product of both microbial load (cell abundance) and community composition.
4.2.2	Apart from microbiological data, a strong biomonitoring program will also leverage operational parameters and direct corrosion (damage) observations.  Integrating data from multiple parameters including not just microbiology, but also the physical and operating conditions of the industrial process, the chemical environment and any materials and corrosion products can help improve overall guidance, threat assessment and even failure analysis (Eckert et al., 2021).  Functionally, this can be as simple as correlating microbiological data with observations or measurements of damage (corrosion, biofouling, H2S production, etc.).  Trends may emerge that assist the end user in assessing for microbiological threats and unwanted microbial activity.  For example, correlating qPCR measurements of sulfide producers with H2S and sulfate content may indicate a threshold identifying the requisite load of sulfide producers and/or sulfate that leads to souring of the system.  Similarly, connecting measured corrosion rates with physical observations of corrosion features and biofilm enumeration (ATP) data may indicate a threshold of biofilm microbial load at which corrosion can be expected (Figure 2).
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Figure 2: Correlating microbial enumeration with corrosion observations on corrosion coupons can generate asset specific KPIs. In this empirical example, biofilm measurements of < 1x106 ME/cm2 are less frequently associated with corrosion.  (Adapted from AMPP Standard TM0212).

4.2.3	The overarching goal of a biomonitoring program is to provide data that can be used to drive decisions and take consistent, straightforward action regarding asset integrity.  To this end, validation and interpretation of results should be conducted using pre-determined guidelines or key performance indicators (KPIs).  Generalized KPIs offer the end-user a basic means of data interpretation regardless of the sample source.  Although attractive for ease of use, these are often devoid of high value accompanying metadata and should be avoided if possible.  Where possible, the end-user should generate asset specific KPIs or guidelines for data validation and interpretation.  For example, a pipeline operator biomonitoring pigging debris using serial dilution testing technology may come to learn over time that no observed threats or performance issues are observed in the pipeline so long as 5 or fewer MPB bottles “turn” or generate a positive result.  But, if testing indicates 6 positive bottles, then the operator can expect possible MIC issues.  This operator may be able to tolerate 5 bottles turned, whereas a different operator might experience widespread pitting corrosion in scenarios where only 3 MPB bottles turn.  The first operator could therefore generate an asset specific KPI or goal of 5 or fewer bottles turned and avoid costly or unnecessary actions that would have been taken had a generalized, non-specific KPI been utilized.

4.2.4	The final component of a biomonitoring program is an action system rooted in the findings of the microbial testing.  After all, the common goal of any operator is to (re)-establish microbial control in an asset or process and mitigate against the threats and consequences of microbial activity.  Testing without appropriate action will not resolve or prevent issues alone.  Like testing technologies, actions too can be variable.  Microbial interventions can be achieved by chemical means (biocide), physical means (pigging, tank cleaning etc.) or operational means (water sourcing, improved oil/water phase separation etc.).   Moreover, the actions taken should be commensurate with the severity of the findings of the microbial testing.  Such data-driven decisions are the strength of a well-designed biomonitoring program.  An example of a generalized action system based on data-driven assessments of microbial threats can be found in Table 1.  Note, that actions taken based on repeat or trending data measured against asset-specific KPIs are likely to be more valuable than actions or decisions made against a single point-in-time measurement.  Once actions have been taken or initiated, mitigation performance monitoring - tracking and comparing mitigation measures with other performance data, should be conducted to evaluate the effectiveness of the mitigation (Eckert et al., 2021).

Table 1: Example generalized action system based on data-driven assessments of microbial threat level.  Table adapted from Lomans et al. 2016.

	Threat Level
	Proposed Action

	Low
	Continue current action (biomonitor)

	Medium
	Take action: Increase biocide injection rate, but maintain frequency, or increase pigging frequency
· In order to monitor impact increase biomonitoring frequency

	High
	Take aggressive action: Increase biocide injection rate AND frequency, increase pigging frequency; 
· In order to monitor impact increase biomonitoring frequency



4.3	Testing Technologies
	4.3.1	No one testing technology is the “silver bullet”, able to provide all the required data for the question at hand.  Many of the testing technologies available for industrial processes have been adapted for use from other fields such as clinical diagnostics or environmental microbiology.  The key thing to recognize is that each testing technology has strengths and limitations.  Recognizing what information is gathered, and what the limitations are on a per test basis, allow for an informed testing decision and an appropriate level of interpretation.

4.3.2 Microbial testing technologies fall under one of two categories, culture dependant and culture independent methods.  As the name would suggest, culture dependant testing technologies require growth of the microorganisms of interest for a positive detection, and includes commonly used tools such as culture media, or serial dilution bottles.  Culture independent methods often rely on the enumeration or analysis of a biomolecule as a proxy for direct measurement of the microorganisms of interest.  Examples of culture independent techniques including microscopy, ATP photometry and the molecular microbiological methods (MMMs).  MMMs include the nucleic acid-based methods of qPCR, 16S rRNA gene sequencing and metagenomics.  Considerations for MMMs are described in detail in AMPP Standard TM21465.

4.3.3 Samples from industrial systems are apt to contain microbiological communities whose members may span different taxa (species, genera or even domains), differing states of viability, and vary in metabolic function and purpose.  Apart from being either quantitative (enumeration of microbial load) and/or qualitative (identification of microorganisms present – microbial community composition), the ability of any given microbiological test to resolve the individual components of the microbial community, otherwise defined as the scope or range of detection, varies.  For example, culture methods are by design narrow in scope of detection, as they are limited to a subset of the active microbial load that can utilize the provided nutrients and electron acceptors.    ATP photometry aims to target microbial activity, regardless of speciation, cell type, or metabolism but does not provide any information on the identity of the microorgansims present (quantitative but not qualitative).  In contrast, MMMs do not typically distinguish active from dormant and dead cells.  Rather their scope of detection is dictated by the breadth of the gene being targeted for evaluation.  For example, MMM assays can be designed to target something as specific as a singular species, or as broad as a particular metabolic function.  So long as the targeted gene of interest is intact (regardless of the metabolic state of the cell), it can be positively detected by the DNA method.  Viability PCR is one exception, which aims to prevent signal from cells with a damaged membrane.

4.3.4	Taking test scope of detection and its quantitative vs qualitative properties into account, one can assess testing technologies based on their overall information yield.  As illustrated in Figure 3, culture media with its narrow scope, often offers the least overall amount of information. By expanding the scope of detection to the entire active microbial load, ATP photometry offers the next greatest information yield but lacks a qualitative component.  qPCR, a quantitative MMM often used to quantify specific microbial functional groups of interest, offers more information yet by resolving the complete active and dead microbial load, and providing some insight into the types and/or genera of microorganisms present.  In qPCR, putative microbial functional groups similar to those targeted by culture media formulations are evaluated in a culture independent manner.  Lastly, 16S rRNA gene sequencing arguably provides the greatest information yield by (theoretically) identifying each microbe/taxon in the sample in a semi-quantitative manner.  Although not a hard and fast rule, test complexity and accessibility often correlate to the inverse of information yield.  Culture media techniques are known for their ease of use and widespread adoption; in contrast, 16S rRNA sequencing requires highly trained individuals and sophisticated molecular biology equipment, protocols and analysis tools to complete.  More detailed explanations of testing technologies, the information they yield, and their limitations can be found in their respective chapters of this document.  Refer to Chapter 8 for Culturing Techniques, Chapter 6 for ATP, and Chapter 5 for MMMs including qPCR and 16S rRNA Sequencing.
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Figure 3: Potential information yield by testing technology.

4.4 	Overview Comparison of Testing Technologies 
4.4.1	To summarize, when selecting microbial testing technologies for biomonitoring programs in industrial systems, aim to gain information on the microbial load (quantitative measure) and on the microbial community composition (qualitative measure).  Also important is the test scope of detection, and information yield.  Ease of access, complexity of analysis or interpretation and test economics also influence frequency of use.  A summary of select testing technologies and their typical usages is provided in Table 3.  A more detailed and thorough table of comparison can be found in AMPP standard TM0212.  In short, culture media and ATP photometry are often used for routine (daily) microbial assessments and serve as the backbone of many biomonitoring programs.  These two technologies are also readily used to evaluate biocide performance in what is known as biocide selection (kill) studies.  qPCR with its mid range price point and breadth of information yield is often used for troubleshooting, deeper risk  assessments and periodic microbial assessments.  Lastly, as the most complex and highest cost test described here, 16S rRNA gene sequencing is often used for microbial baseline determinations and deep dive/troubleshooting exercises.


Table 3: Summary comparison of testing technologies.

	Method
	Class
	Quantitative vs Qualitative
	Resolution
	Information Yielded
	Cost
	Common Use

	APS Reductase Immunoassay
	Culture independent
	Quantitative & Qualitative (SRB)
	Active (SRB)
	Presence of APS-reductase enzyme as an estimation of active SRB
	$
	Quick SRB Check

	Culture Media 
(serial dilution, MPN)
	Culture dependant
	Quantitative & Qualitative
	Active (subset)
	Total numbers of live bacteria as targeted by media formulation.  IE count of SRB, APB.
	$
	Routine Assessment Biocide Selection

	ATP Photometry
	Culture independent
	Quantitative
	Active
	Mass of ATP present in sample, taken as a proxy for total active microbial load.
	$
	Routine Assessment Biocide Selection

	Microscopy
	Culture independent
	Quantitative & Qualitative

	Active, inactive
	Epifluorescent microscopy used to count microorganisms - target specificity dependant on stain.  DAPI = total cell counts.  FISH = probes specific for targeted functional group (IE SRB)
	$$
	Periodic Assessment
Biocide Selection

	qPCR
	Culture independent
MMM
	Quantitative & Qualitative
	Active, inactive, dead
	Quantification of microorganisms targeted by specificity of PCR primers.  IE Total Bacteria, Total Archaea, Total SRB, Total SRA, Total Methanogens.
	$$
	Troubleshooting Routine & Periodic Assessment

	16S rRNA Gene Sequencing
	Culture independent
MMM
	Semi-quantitative & Qualitative
	Active, inactive, dead
	Semi-quantitative (percent composition) list of taxa within a sample.  Often presented at the taxonomic level of "genus".
	$$$
	Deep-dive troubleshooting Baseline determination (can influence biocide selection) 




Section 5: Molecular Microbiological Methods (MMM)


5.1 Scope

While MMM includes a wide range of microbial analyses using molecular methods, Section 5 of this document contains guidance of those MMM that are frequently used in operational settings. Namely, these are enumeration by quantitative PCR and taxonomic profiling via 16S rRNA gene sequencing.  Guidance on additional MMM, better suited for laboratory settings, can be found in AMPP TM0212.

5.2 Introduction

Genomic methods (namely quantitative PCR and 16S rRNA-based taxonomic profiling) are a culture-independent approach to assess microbial populations. These methods can be used to gain an understanding of diversity, numbers, and distribution of microorganisms in a given environment. The application of these methods in operational settings has become more widespread in the past decade and may be used to assess MIC, souring, biofouling and other problems. DNA is present in all cells and can be manipulated to obtain useful information.  Genomic methods can be used on many types of samples (liquid, biofilm, solid, and dry samples) regardless of their metabolic state. Sampling and preservation procedures will vary depending on the sample type. Further guidance on this can be found in Sections 2.1 and 3.2 of this document and in AMPP TM021465.  Samples are subjected to DNA extraction, followed by specific assays which render quantification and identification of various types of microorganisms (generally and specifically). 

5.3 Enumeration through  quantitative polymerase chain reaction (qPCR)

	5.3.1 qPCR can be used to quantify the total number of microorganisms or a specific genus/species of microorganisms in nearly any type of sample including produced fluids, oil/emulsion, and solids.  This method can detect organisms that do not grow in culture.  This method uses synthetic DNA (called primers) tagged with a fluorescent molecule or synthetic DNA mixed with a DNA intercalating agent (dye) to quantify organisms. qPCR enumerates genes rather than individual cells and specific qPCR assays can be used to approximate total microbial cells or specific groups of microorganisms.

5.3.2 Propidium monoazide (PMA) is a photosensitive DNA-ligand dye, which is membrane-impermeable but can selectively penetrate damaged membranes of dead cells. It forms high affinity bonds with DNA and will thus inhibit PCR amplification of membrane-damaged microorganisms and prevent overestimation of microbial numbers due to extracellular DNA and membrane-damaged cells. Use of this method can help to determine the population of cells in a sample that are living, in relation to those that have damaged membranes.

5.3.3 The choice of qPCR amplification primers is highly dependent on the microbial populations that require enumeration. Different primer sets are chosen to provide specificity and coverage.   For example, commonly applied qPCR assays that may be useful in an operational setting might target: total archaea populations, total bacteria populations, a NiFe hydrogenase linked to MIC by some methanogenic archaea, the mcrA gene targeting methanogenic archaea, the dsrAB gene targeting sulfate-reducing bacteria or the aprAB targeting sulfate-reducing bacteria. 

For examples of different primers that can be used, please see Table 1 of AMPP TM021465 or ASTM d8412 . 

5.4 Taxonomic identification through 16S rRNA gene sequencing (Prokaryotic speciation via DNA sequencing or Next Generation Sequencing) 
	5.4.1 Molecular-based tools used in industrial applications can provide a much more in-depth understanding of the microbial community present in a given system.  For this method, DNA is extracted from all microorganisms present in a specimen. Sequencing of specific genes (namely here the 16S rRNA gene) is performed and generates a sequence library that can be compared to DNA sequence databases to identify specific microorganisms in the sample.  The output of this test provides a relative profile of the different types of microorganisms present. This is a high throughput sequencing method that allows numerous reactions to be run in parallel, producing thousands or millions of DNA sequences at one time.    This technique can aid in defining the potential risk for biodeterioration in a system, provide insight into microbial control strategies, and identify key points in a system that require continued monitoring. 

5.4.2 The use of MMM has traditionally been limited to specialized laboratories, as this is where the technical expertise and equipment has been housed. This necessitated appropriate sample preservation and shipping protocols to get the samples from the place of sampling to the laboratory. The turnaround time for MMM has thus been on the order of days-weeks. However, with the advent of newer technologies with a smaller footprint, this allows for MMM to be performed at the site of sample collection. Therefore, the turnaround time can, in some cases, be only hours. 


5.5 Best Practices

5.5.1 To obtain the most useful results, the methods used should be suited to your application. The use of genetic methods requires specialized equipment and expertise. Consult with a specialist to understand the methods for sampling, sample preservation, DNA extraction, sample analyses and results interpretation before you begin.
	5.5.2	Microorganisms are ubiquitous, so prevention of contamination of samples is key to obtaining useful accurate information. Proper sampling and handling procedures must be followed diligently and contact of the sample with organic material is to be avoided. For guidance on Sampling Procedures, please see Section 5 of AMPP TM021465.
5.5.3 Microorganisms are highly sensitive to changes in the environment and therefore can proliferate or die soon after sampling. To obtain the most accurate identification and/or quantification of microorganisms, ensure that samples are preserved as soon as possible after collection. This can be done by freezing, refrigeration or chemical preservation. If freezing is used, only a single freeze/thaw event should be used. If preservation cannot be completed on-site, samples should be transported from the field site to the laboratory in a portable cooler filled with ice using the fastest shipping time possible. For guidance on Sample Preservation, please see Section 5 of AMPP TM021465.
5.5.4 Discrepancies in methodologies for the different assays and analysis protocols can result in MMM results that cannot be compared. Therefore, it is important to follow protocols diligently and to ensure the same protocols are used for samples that will be compared. 
5.5.4.1 One current limitation of genomic testing is that there are neither consensus protocols for DNA extraction nor consensus tools for determining DNA extraction efficiency.  DNA extraction depends on cell lysis.  Recognizing that some types of microbial cells lyse more easily than others, extracting DNA from more difficult to lyse cells without denaturing DNA from more easily lysed cells is challenging.  All genetic test data should be interpreted with this understanding.   For guidance on how to perform DNA isolation from the sample, please see Section 6 of TM021465.
5.5.4.2 The use of standards throughout will allow for better interpretation of results. These can include: 
· Controls for DNA extraction (DNA extraction from a blank sample)
· Controls for qPCR (choice of positive control and negative control)
· Controls for 16S rRNA gene sequencing 

5.5.5 Equipment

	5.5.5.1	To obtain qPCR data, a thermal cycler with optical detection is needed. There are a number of commercially available options. 
5.5.5.2 To obtain 16S amplicon sequencing data, a number of sequencing instruments are available and differ in terms of DNA read length, DNA read output and DNA sequence accuracy. The amplicon library preparation method should be tailored to the sequencing platform used. For a list of commercially available platforms, please see Appendix X of AMPP TM021465.

	5.5.6 Data Interpretation  
	5.5.6.1 	qPCR data will result in a number of gene copies contained in the sample of interest. This is determined by comparing the amplification curve of this sample against a standard curve produced by samples with known gene copy concentrations (i.e., standards). For an example on how to interpret qPCR-derived gene copies, please see Section 7 of AMPP TM021465.
	5.5.6.2 16S rRNA amplicon sequencing will allow for taxonomic identification of prokaryotes (bacteria and archaea) that are present in a sample. This is determined by comparing sequences from the sample to sequences from prokaryotes deposited in public databases (such as SILVA1) to reveal the taxonomic identity of the microorganisms present in the analysed sample. The output of a taxonomic analysis is a table containing the relative abundance of each of the identified taxa in each sample. For additional guidance on data processing and reporting, please see Section 7 of AMPP TM021465. 
	
5.5.7 While these MMM are becoming more widespread and used, it is important to remember that the data obtained from these methods need to be contextualized with chemical and operational data and observations.
	5.5.8 Use of these methods at regular intervals may generate trends over time.

5.6 Additional Information
For additional available MMM, consult AMPP TM0212 or the Energy Institute’s MMM Selection Guide.


Section 6: ATP


6.1 ATP Testing Significance and Use

6.1.1	ATP testing is accepted as a quantitative method for measuring total active biomass in oilfield samples[footnoteRef:2]. It is suitable for both laboratory and field use. [2:  ATP testing is cited in ASTM consensus standard test methods D4012 (ATP testing in water) and D7687 (ATP testing in fuel, fuel-associated water, high hydrocarbon fluids, samples with high dissolved solids).] 


6.1.2	ATP is present in all living cells and is involved in all processes that require energy. Due to its rapid degradation upon cell death, ATP concentration gives an indication of the active biomass present in a sample. ATP photometry does not differentiate among types of microorganisms in the specimen.  The method rapidly quantifies gross microbial contamination. ATP testing can be paired with molecular microbiological methods (MMM) (Section 5) or other methods to differentiate among types of microorganisms. 

6.1.3	ATP concentration ([ATP]) is measured using a bioluminescent enzyme assay where light intensity is measured quantitatively by a photometer and reported in relative light units (RLU). The intensity of light emitted by the enzyme-mediated cleavage of ATP to AMP + pyrophosphate ((PO4)2) is proportional to [ATP] in a sample. Raw RLU data can be converted to [ATP] in pg (10-12 g)/unit of measurement relevant to sample type (i.e., liquid (mL), solid (g), or surface swab (cm2)) by comparison to the RLU generated by a reference standard. 

6.1.4 	ATP within intact cells is cellular ATP (cATP).  ATP can also be present in a sample as dissolved molecules in the form of dissolved ATP (dATP).  Total ATP (tATP) is the sum of both the cATP and dATP fractions.  Consensus standard ATP test methods for liquid samples1 separate intact cells from the liquid by way of filtration and thereby measure cATP concentrations. Protocols for testing ATP in solid or surface swab samples measure tATP.  

6.1.5	ATP concentration per cell ([cATP]) varies from <0.01 fg/cell (1 fg = 10-15 g) to >100 fg/cell, depending on microbial taxonomy and physiology. Some users choose to transpose [ATP] to estimated population densities by multiplying [ATP] by a factor of 1000 based on the average ATP content of an Escherichia coli cell approximately 1 fg. 

6.1.6	The method for performing ATP quantification requires a photometer and compatible sample preparation kits (containing necessary reagents and consumables), and fixed or adjustable volume pipets.  The end user is responsible for ensuring that the kit they are using provides meaningful data by normalizing sample RLU with the RLU of a standard with a known ATP concentration, and includes filtration, cleaning, and and/or dilution steps to minimize interferences. The end user is also responsible for ensuring they are using a kit that is designed for the sample type of interest (i.e., liquid, sludge, surface deposit, etc.), see section 6.2.2.1 and 6.2.2.2 for further detail. 

6.1.7 	ATP luminescence measurement is subject to both positive and negative interferences.  For example, some chemicals found in oilfield produced waters, fuel and lubricant-associated water can produce chemiluminescence – creating positive interference.  Brine salts can quench the light generated by bioluminescence, thereby creating negative interference. The end user is responsible for ensuring they are using a test method that minimizes potential interferences. 



6.2 ATP Test Method Summary for Liquid Samples

6.2.1 	Perform reference standard measurement by combining 100 µL of ATP standard with known concentration and 100 µL of luciferin-luciferase reagent and record standard RLU.
 
6.2.2 Collect and prepare representative samples based on the recommended sample amounts described in Tables 1 and 2 in this section, manufacturer’s instructions, or internal standard procedures. For liquid samples, a higher volume will lower the detection limit of the test.

6.2.2.1 Table 1: Liquid Sample Volumes for Filtration
	Sample Type
	Recommended Volume (mL)

	High solids or viscous sample
	1 (dilute)

	Crude Oil
	1 to 5

	Produced Water, Process Water, Oily Brines, Oilfield Fluids
	10 to 50

	Fresh Water,, Cooling Water, Municipal Water, Potable Water
	50 to 100



6.2.2.2 Table 2: Solid or Surface Samples
	Sample Type
	Recommended Sample

	Surface Swab
	5x5 cm (2x2 in) swab

	Measured Deposit, Pigging Sludge
	1 g

	Biofilm Collector, Corrosion Coupon
	Note area (cm2 or in2) of all biofilm-containing surfaces



6.2.3 After a liquid sample is filtered using a specialized disposable syringe filter, a cleaning reagent is used to remove extra-cellular ATP or non-ATP contaminants that could interfere with the assay. If working with a solid or surface deposit sample, dilute to reduce concentration of interferences or non-ATP components.
 
6.2.4 A lysing agent is then used to break open the cells and release the cellular ATP into the sample matrix. This sample extract is then transferred to a tube with a dilution reagent.

6.2.5 A 100 µL volume of the diluted ATP extract is then transferred to a test tube with 100 µL of luciferin-luciferase reagent.

6.2.6 After enzyme addition, the test tube is placed into the cartridge of the photometer and the intensity of the emitted light from the enzymatic reaction of luciferin, luciferase, and ATP is measured in RLUs.

6.2.7 The sample RLU can then be converted to pg ATP/unit through a calculation that accounts for the ATP standard RLU, the volume, weight, or surface area of the sample processed, and any dilution factors.
	
	6.3 Best Practices for ATP Testing
		
	6.3.1 Consult with test kit manufacturer for modified methods for unique sample types, and suggested sample volumes and sizes.
		
	6.3.2 For most accurate microbial quantification, perform the ATP test method as soon after sampling as possible. If multiple samples are being taken or to accommodate difficult field conditions, follow the test method up to the extraction step as soon after sample collection as possible. Once the ATP extract is obtained and stabilized in the lysing reagent, the remainder of the protocol can be continued and extracted samples can be assayed in bulk with no loss of sensitivity or accuracy.
		
	6.3.3 The kinetics of the enzymatic reaction measured by this test method are affected by temperature. Ensure that all reagents have equilibrated to ambient temperature before performing any tests.

	6.3.4 Rehydrated luciferin-luciferase reagent and ATP standard reagents should be stored at 4°C (39°F) protected from direct sunlight. All other reagents (cleaning, lysing, diluting reagents) may be stored at ambient temperature in a dry, well-ventilated area.

	6.3.5 A modification of standard ATP testing in which precursor molecules AMP (adenosine monophosphate) and ADP (adenosine diphosphate) are also measured, can be used to assess the physiological condition (e.g., healthy, stressed or dead/dying) of the microbial population in a sample[footnoteRef:3]. Determination of the microbial physiological condition of an oilfield sample can be helpful in the assessment of the effectiveness of microbial contamination control measures. [3:  Passman, F.J., Küenzi, P., and Schmidt, J., “Adenylate Energy Charge-New Tool for Determining Metalworking Fluid Microbial Population’s Sublethal Response to Microbicide Treatment.” 5pp. Amer. J. Biomed. Sci. Res. 7(4), AJBSR.MS.ID.001178 (2020). DOI: 10.34297/AJBSR.2020.07.001178. ] 




Section 7: Immuno & enzymatic assays

6.3.1	Adenosine-5-Phosphosulfate (APS) Reductase Measurement

6.3.1.1	This immunoassay takes advantage of the functional definition of SRB, which is “any bacteria capable of anaerobically reducing sulfate to sulfide.”  A unique requirement for this process is the presence of an enzyme, APS-reductase.  Measurement of the amount of APS-reductase in a sample gives an estimation of the total number of SRB present.  The test does not require bacterial growth to occur (no medium is used) and is independent of sample temperature, salinity, and redox condition.  

6.3.1.2	The test should be carried out using disposable “kits” that are fully contained and usable in either the field or the laboratory.  The test involves exposure of the sample to small particles containing antibodies.  These particles specifically capture the APS-reductase enzyme.  The particles, now mixed with APS-reductase, are subsequently isolated on a porous membrane and exposed to specific indicator chemicals.  The reaction between the particles and chemicals result in a color change that is proportional to the concentration of the APS-reductase in the sample.  

6.3.2	Hydrogenase Measurement

6.3.2.1	The hydrogenase test analyzes for the hydrogenase enzyme that is produced by bacteria able to use hydrogen as an energy source.  Because it is believed that the use of cathodic hydrogen is an important factor in microbiologically influenced corrosion (MIC), the presence of hydrogenase may indicate a potential for this corrosion.  A strong hydrogenase activity may also indicate the presence of a microbial biofilm community.14

6.3.2.2	Hydrogenase testing may be performed on sessile and filtered samples.  Hydrogenase should be measured by first collecting the bacteria in a sample (e.g., by filtration), exposing to an enzyme-extracting solution, and then noting the degree of hydrogen oxidation in an oxygen-free atmosphere (as evidenced by a color reaction with a dye).  A response should be expected in 0.5 to 4 hours; a 12-hour exposure is generally used to allow the system to equilibrate for comparison purposes. 




Section 8: Culture Techniques

8.1	General  

Culturing microorganisms in artificial growth media is accepted as the standard technique for the estimation of microorganism numbers.  Users should be aware that culture techniques, like all microbiological techniques, have some limitations. The microorganisms detected by a particular culture method will be dependent on the culture media used, its relevance to the environment sampled and incubation conditions employed. Some microorganisms cannot be grown in culture media at all. However, the techniques described herein are widely and effectively used in the field in the upstream and downstream oil and gas sectors.  A key piece of information for microbiological testing is the ability to distinguish between live and dead microorganisms. Culture methods will not detect microorganisms that are dead; this is a particularly critical piece of information when validating remedial biocide treatments. 


8.2	Culture techniques commonly used in the upstream oil and gas sector  

The culture techniques described in this section of the document are widely used for the enumeration and monitoring of specific microbial populations in oilfield systems.  

		8.2.1 Liquid culture media for enumeration Sulfate Reducing Bacteria (SRB), general heterotrophic bacteria, acid-producing general heterotrophic bacteria, nitrogen utilizing bacteria, nitrogen reducing bacteria, methanogenic microorganisms, and iron bacteria (iron reducing and oxidizing bacteria) are provided in  Appendix C. Procedures for the detection and enumeration of general heterotrophic bacteria, acid-producing bacteria and SRB are described in detail in this document. 

	8.2.2   A test for hydrocarbon-oxidizing organisms should be used in the rare instance when such organisms are important to a particular situation.  These test methods are described elsewhere;4 otherwise, the methods detailed here are usually sufficient. 

	8.2.3    Media that enable enumerating of Thiosulfate Reducing Bacteria (TRB) and Sulfur Oxidizing Bacteria (SOB) are not provided in Appendix C but can be obtained ready made from biological test houses. 

	8.2.4   Classical methods using agar-solidified media are available elsewhere.8 Such methods are impractical for routine field use. Simple agar-based tests in a single tube format are available which enable semi-quantitative detection of specific groups of microorganisms and can be performed entirely on site. For those occasions when estimates of greater precision are needed, such as for finished water quality testing, the most probable number (MPN) method may be preferable.  However, the large amount of bench space, glassware, incubator space, and operator time required for this method may make it impractical for routine field work.

8.3 Heterotrophic (Aerobic, Anaerobic, and Facultative Anaerobic Bacteria) Testing Procedure

8.3.1  For detection of general heterotrophic bacteria (GHB) (aerobic and facultative anaerobic bacteria) Heterotrophic Bacteria Media and/or Phenol Red Dextrose Broth, Standard Bacteria Nutrient Broth may be used.  See Appendix C for media composition.  

8.3.2   For detection of Heterotrophic Bacteria (Anaerobic and Facultative Anaerobic Bacteria), Thioglycolic Broth may be used (facultative anaerobic may also use Phenol Red Dextrose Broth).  See Appendix C for media composition.  

8.3.3  Salt composition and concentration should be formulated to approximate that of the field water being tested.  The salinity should be approximated within 10%.  Actual field water may be made into culture media at additional costs.  (Current off-the-shelf commercial media generally come in 1%, 3%, 5%, 10%, and 20% concentrations). 

8.3.4   Fill serum vials, 10 mL nominal capacity, with 9 mL of media.  Stopper the vials with butyl or natural latex rubber stoppers.  Protect and seal the rubber stopper with a disposable metallic cap.  Steam-sterilize the filled and sealed vials in accordance with the media formulations in Appendix C.  For anaerobic samples, typically found in upstream oil and gas operations, media bottles should contain a nitrogen headspace.

8.3.4.1  These media may be obtained ready-made (to the desired salinity requirement) from biological supply houses.  All media should be marked with the medium preparation date and be stored at ambient temperature unless stated otherwise.  

8.3.4.2 Arrange media vials into a “dilution series.” Water samples are processed by inoculating the first dilution vial and completing a serial dilution following the procedure described in section 2.4. Solid samples (e.g. deposits and biofilm samples) can be assessed by dispersing the sample in a liquid media and completing a serial dilution as described in section 3.3.2.  

8.3.5  Incubation

[bookmark: _Hlk147664196]	8.3.5.1 The incubation temperature should be within ± 5 °C (± 9 °F) of the recorded temperature of the water when sampled. This incubation temperature must be recorded.  Oilfield bacteria can grow in produced fluids at temperatures of 80 °C (176 °F) or higher. It may not be practical to incubate vials at such high temperatures. If test vials are incubated at temperatures that are lower than the system temperature, they may take longer to turn positive.	Comment by Gareth Williams: I have amended the text based on Jodi's comment: studies have shown that exact incubation temperatures are not necessary and that the same number of vials turn positive if incubated at RT. Vials that are incubated turn positive faster.

Is this others experience too as it would represent quite a big change? 

8.3.5.2  Phenol red dextrose vials that become turbid between 1 and 14 days shall be scored as positive for general heterotrophic bacteria.  Those that exhibit a color change from red to yellow (or white) shall be scored as positive for acid-producing bacteria.  These vials may be discarded after 14 days of incubation.

8.3.5.3  Estimate bacteria numbers using Table 1.  However, it must be noted that using this table is simplistic.  Estimating bacterial populations by the serial dilution method is a subject for statistical analysis.  The more replicate samples done, the tighter the statistical distribution, and the more precise the estimate.  The values reported in Table 1 are considered acceptable for oilfield situations.  For more details, see Appendix E (Mandatory).  The bacterial estimate reported is the one shown in the fourth column.  If all the serial dilution vials used are positive, then report the results as “equal to or greater than” () the highest dilution used in the testing.

Table 1
Results Interpretation Table
	Number of Positive Vials
	Actual Dilution of Sample
	Growth (+) Indicates Bacteria per mL
	Reported Bacteria per mL

	1
	1:10
	1 to 9
	10

	2
	1:100
	10 to 99
	100

	3
	1:1,000
	100 to 999
	1,000

	4
	1:10,000
	1,000 to 9,999
	10,000

	5
	1:100,000
	10,000 to 99,999
	100,000

	6
	1:1,000,000
	100,000 to 999,999
	1,000,000



8.4 Sulfate Reducing Bacteria (SRB) Testing: Media and Determination

8.4.1  SRB testing should be conducted in association with other analyses, such as pH, redox potential, oxygen content, total dissolved solids, and whenever possible, sulfide and sulfate content.  Also, acid-producing bacteria population evaluations (Paragraph 4.3.5.2) should be conducted simultaneously.  Without such information, it may be difficult to estimate the contributions of SRB to the problems found.

8.4.2  As with heterotrophic bacterial culturing, serial dilution in a liquid medium should be used to estimate SRB to the nearest order of magnitude.  Many different media may be used.  Widely used liquid media formulations for SRB estimation are given in Appendix C.

		8.4.3 Arrange media vials into a “dilution series.” Water samples are processed by inoculating the first the first dilution vial and completing a serial dilution following the procedure described in section 2.4. Solid samples (e.g. deposits and biofilm samples) can be assessed by dispersing the sample in a liquid media and completing a serial dilution as described in section 3.3.2.   

8.4.4	Incubation

8.4.4.1  The incubation temperature should be within ± 5 °C (± 9 °F) of the recorded temperature of the water when sampled. This incubation temperature must be recorded.  Oilfield bacteria can grow in produced fluids at temperatures of 80 °C (176 °F) or higher. It may not be practical to incubate vials at such high temperatures. If test vials are incubated at temperatures that are lower than the system temperature, they may take longer to turn positive.	Comment by Gareth Williams: I have amended the text based on Jodi's comment: studies have shown that exact incubation temperatures are not necessary and that the same number of vials turn positive if incubated at RT. Vials that are incubated turn positive faster.

Is this others experience too as it would represent quite a big change? 

8.4.4.2	Vials that turn black shall be scored as positive.  Vials shall not be scored as negative until 28 days.  Vials that turn black within two hours are discounted (i.e., not scored) because the blackening is caused by the presence of sulfide in the water sample.  If these vials are the only ones blackening after 28 days, subcultures shall be made into fresh medium to serve as a check.  NOTE: It is advisable to make subcultures immediately (within 2 hours) to eliminate enumeration of bacteria within the vial.

8.4.4.3	Estimate bacteria numbers using Table 1 (also see Paragraph 4.3.5.3).

8.4.5  Simple agar tube tests are available for field assessment of SRB in different types of samples, for example water, biofilm or corrosion deposits. The test kits are semi-quantitative where the presence of SRB is determined by the rate and extent of the development of a black color.

8.5  Culture techniques commonly used in the downstream oil and gas sector  

8.5.1 The MPN method and simple agar tube tests for enumeration of SRB described in section 4.4 are also commonly used in the downstream oil and gas sector, for instance for assessing MIC threat in crude oil and fuel storage tanks, pipelines and in end-user fuel and oil systems.

8.5.2  The Energy Institute standard IP 613 method (X), or equivalent ASTM D7978 method (X), is a simple laboratory or field test that enables quantification of the number of viable aerobic microorganisms in fuels, oils and associated water. The method assesses the Total Viable Count of Colony Forming Units (CFU) of bacteria and fungi (yeasts and moulds). Further information on problems microorganisms cause in fuels and oils and advice for monitoring, controlling and mitigating microbial contamination in these systems are available elsewhere.XX	Comment by Gareth Williams: reference added to the list	Comment by Gareth Williams: Reference added to the list	Comment by Gareth Williams: Two references added to the references section




Section 9: Evaluation of Chemicals for Control of Bacteria

5.1	When a chemical inhibitor (biocide) is desired to control microbial activity in a system, it is necessary to select an effective chemical agent that is compatible with the fluids and components in the system.  On-site dose-response and time-kill testing is considered as best practice.  Testing in laboratory settings is used for selecting biocides.  Also, the test systems should be examined for evidence of biocide/water incompatibilities with other treating chemistries.  However, the lack of apparent incompatibilities in these systems does not preclude compatibility problems in the field system.

5.2	Biocide Time-Kill Testing Procedure for Planktonic Bacteria  

5.2.1 To assess a potential biocide application, adapt the following basic test procedure.  A goal is to match test conditions to those prevailing in the system under scrutiny.  It is unrealistic to describe a single, standard procedure for biocide testing; therefore only the basic test design is outlined.  These biocide tests must be done in duplicate, as a minimum. 

5.2.2	Basic Planktonic Testing Procedure

5.2.2.1	Obtain field water samples as previously described in Section 2.  Begin testing immediately after sample collection.  Make testing conditions as similar as possible to those prevailing in the system.  For example, for anaerobic systems (typical), the tests should be performed in nitrogen- or argon-purged bottles, which are commercially available. 

5.2.2.2	The bacteria used to challenge the test biocides should be the population normally found in the test fluid.  Alternatively, up to a 1% inoculum of a fully grown culture originating from the field system may be used.  Use no more than 1% inoculum to prevent the undue addition of organic material to the test systems.

5.2.2.3	Biocides may be diluted in sterile bottles (30 to 200 mL) to 1 to 10% of the initial product for more accurate dosing.  The stock solution volume added to each bottle (test system) should be the amount calculated to provide one of the dose rates expected to be useful in the system (once the bottle is filled with field water).  Consult biocide label for dosage range.  Add distilled water instead of biocide stock solution to several bottles to serve as controls for the field water. 

5.2.2.4	Fill the above test bottles, both those containing the biocide dilutions and the control bottles, with the test fluid (containing bacteria).  Mix thoroughly and immediately withdraw 1 mL samples from the control bottles to determine the number of viable bacteria initially present in the test bottles.  Septum seals should be used to limit oxygen ingress into the test systems.

5.2.2.5	Choose biocide exposure times (test system holding times) to match the likely contact times for the biocide within the field system.  At the end of these times, withdraw 1 mL samples from each dilution of each biocide being tested and the controls and determine viable bacterial populations.

5.2.2.6	Following growth medium incubation, tabulate the surviving bacterial populations for each biocide dose rate and each exposure time.  Use this tabulation to determine the minimum effective biocide dose rate.  

5.2.2.7	Field experience shows that time-kill testing can only serve as a guide for the field application of the biocide.  Therefore, biocide effectiveness must be confirmed once the chemical is added to the actual field system.  Some fine adjustment of biocide dose rates is almost always required.  In addition, biocide/system compatibility problems may not become apparent until field trials are performed.

5.2.2.8	Notes

5.2.2.8.1	This testing is most reliable when the test procedure most closely matches the normal operating condition of the field system, including the presence of normal amounts of production chemicals; therefore, the user must modify the procedure to suit a particular system. 

5.2.2.8.2	False results may be encountered in the first or second serial dilutions with the higher biocide concentrations used because of the transfer of significant biocide concentrations (which act as a biostat) from the test fluid to the growth medium.

5.2.2.8.3	The tests described here are only for planktonic organisms.  The ability of biocides to control sessile bacteria in the system cannot be determined by this technique.  See Section 3 for more detail.  In general, biocides are much less effective against sessile bacteria than against planktonic bacteria.

5.3	Assessment of Biocide Efficiency against Sessile Bacteria

5.3.1	Coupons bearing biofilms can be used to assess the efficiency of biocide treatments against sessile bacteria.  Coupon-based biofilm samples should be removed before, during, and after biocide treatment.  Surviving bacteria should be assayed as above.  For time-kill testing, sessile bacteria on coupons should be exposed to biocides either under static conditions or by being placed in dynamic flow loops.9,10

5.3.2	In recognition of the importance of biofilm growth, many different test methods to evaluate biocide effectiveness such as stagnant bottle testing, re-circulating loops, and once through systems (i.e., dynamic flow cells) may be used.  This testing is outside the scope of this standard; however, published literature on these testing methods is available.  

5.3.3	There are multiple types of probes available for monitoring biocide efficacy, including electrochemical probes and biosensors.
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Appendix A
Glossary
(Mandatory)

Acid Producing Bacteria (APB): Aerobic or anaerobic bacteria that produce organic acids as an end product of their metabolism.  A few organisms, e.g., Thiobacillus, are also capable of producing mineral acids, which can result in lower pH levels (< 4) than organic acids.

Acridine orange: A stain that binds to DNA and RNA and fluoresces when excited with UV light.  This reagent may be used for bacterial enumeration by fluorescent microscopy.

Adenosine-5-Phosphosulfate (APS)-reductase: An enzyme specific to sulfate-reducing bacteria that is involved in the reduction of sulfate to sulfide.

Adenosine triphosphate (ATP): A molecule that provides energy to living cells via hydrolysis of the high energy bond to the terminal phosphate.

Aerobic bacteria: Bacteria that grow and reproduce in the presence of oxygen.

Agar: A dried polysaccharide extract of red algae used as a solidifying agent in microbiological media.

Algae: Unicellular to multi-cellular plants that occur in fresh water, marine water, and damp terrestrial environments.  All algae possess chlorophyll for photosynthesis.

Anaerobic bacteria: Bacteria that grow and reproduce in the absence of oxygen.

Archaea: Unicellular microorganisms that are genetically distinct from bacteria and eukaryotes, which often inhabit extreme environmental conditions.  Archaea include halophiles (microorganisms that may inhabit extremely salty environments), methanogens (microorganisms that produce methane), and thermophiles (microorganisms that can thrive in extremely hot environments).

Archaeoglobus: Microorganisms that grow at high temperatures between 60 and 95 °C.  They are sulfate-reducing Archaea (SRA), coupling the reduction of sulfate to sulfide with the oxidation of many different organic carbon sources, including complex polymers.  Archaeoglobus species have been isolated from oil reservoirs and production systems; however, this group of microorganisms is normally not measured with current culturing techniques.

ATP photometry: A method of bacterial enumeration that quantifies the amount of ATP present in a sample and thereby provides an estimate of bacteria present based on the assumption that the concentration of ATP is proportional to number of bacterial cells.

Autoclave: A chamber that uses pressure and heat to sterilize solutions, media, instruments, and glassware by killing all microorganisms present.  See sterilize.

Bacteria: Prokaryotic microorganisms enclosed by a cell membrane without a fully differentiated nucleus.

Bacterial culturing: Techniques used to grow bacteria present in a sample inoculum in select growth media in the laboratory.  See culture medium.

Biocide: A chemical product that is intended to kill or render harmless biological organisms.  Also termed antimicrobial pesticide.

Biocide efficacy: The degree of performance a biocide exhibits in killing or retarding bacterial growth.  This is usually based on concentration and contact time relative to other biocides being screened.

Biofilm: A matrix of bacteria, exopolymer, debris, and particulate matter that adheres to a surface. 

Biomass: The mass per sample volume of microorganisms present.  When referring to sessile biofilms, this term may also include the solids formed by bacterial growth such as exopolymer.

Biostat: Chemical compound (usually identified as biocide/antimicrobial agent) that at concentration deployed only inhibits the growth of bacteria.

Broth: An alternative term for liquid medium used to culture bacteria in the laboratory.  See culture medium.

Copepods: Aquatic crustaceans comprising the most numerous group of metazoans in the water community.  Adults average 0.03 to 0.07 in (1 to 2 mm) in size.  They represent an important link between phytoplankton and fish in the food chain.

Cost-effective biocide: A biocide that provides superior kill of microorganisms based on cost per liter (gallon) or gram (pound).

Coupon: A portion of a material or sample, usually flat, but occasionally curved or cylindrical, from which one or more specimens can be taken for testing.  For the purposes of this standard, a removable system component used to sample sessile bacteria growth.  Standard corrosion coupons are an example.  Some coupons are specifically used to assess biotic pit initiation.

Culture medium: Formulated solution of organic and inorganic nutrients that facilitate bacterial growth in the laboratory.

DAPI (4’, 6-diamidino-2-phenylindole): A stain used in fluorescent microscopy that targets the DNA in all microbial cells (living, inactive, and dead) that will fluoresce when illuminated with appropriate excitation wavelength of light, allowing visualization and enumeration of bacterial cells in a sample.  

Denatured gradient gel electrophoresis (DGGE): A molecular method used to profile the most abundant microbial groups in a sample.  TGGE is a similar technique that is based on a temperature gradient.

Dilution-to-extinction method: During microbial enumeration using the serial dilution method, dilution-to-extinction refers to continuing the serial dilutions to a point at which no growth is encountered, i.e., to a point at which no microorganisms are transferred in the final dilution.  This ensures that a full estimate of the original population in the sample can be determined.  See serial dilution method.

Dose-response test: Biocide screening test to establish concentration and contact time for effective bacterial kill.  See time-kill test.

Duplicate culturing: Performing replicate cultures, for instance with the serial dilution method, to obtain more reliable interpretation of the results.

Emulsion: A mixture in which one liquid, termed the dispersed phase, is uniformly distributed (usually as minute globules) in another liquid called the continuous phase or dispersion medium.  In the oil field, typically water is dispersed as droplets in oil (water-in-oil emulsion).  A reverse emulsion refers to oil dispersed in water (oil-in-water emulsion).

Facultative anaerobic bacteria: Bacteria that are able to carry out both aerobic and anaerobic metabolism and therefore are able to grow and reproduce in both the presence and absence of oxygen.

Filter backwash: A process of forcing a water stream back through a filter in order to dislodge particles from the filter media.  Often biocide may be introduced during this cycle to treat sessile bacteria buildup on the filter media.

Fluorescence in situ hybridization (FISH): A molecular technique based on gene probes targeting ribosomal RNA (16S or 23S rRNA) in microbial cells.  Only living and active cells contain sufficient ribosomes to be detected by FISH.  Gene probes consist of two parts: (1) an artificial DNA strand complimentary to the ribosomal RNA in the target cell; and (2) a fluorescing molecule covalently attached to the probe that enables observation of the target organism.

Fluorescein isothiocyanate: A very common stain that is excited at 420 to 480 nm and fluorescesces at 530 to 540 nm.  This protein dye is often used in fluorescent microscopy and can be conjugated with an antibody for use in immunofluorescence methods.

Fluorescent antibody: An antibody or immunoglobulin that has been raised against a specific antigen being investigated, such as a protein or cell component, and is coupled to a fluorescein molecule to allow its detection.

Fluorescent microscopy: A microscopic method that uses a specific illuminating wavelength of light to excite a fluorescent stain or probe added to a sample for specific detection of cells, structures, or molecules present in the sample.  Specific filters are used to select for proper emission spectra of the illuminated probe.

Fungi: A group of plants that lacks chlorophyll and includes molds, rusts, mildews, smuts, and mushrooms.

General heterotrophic bacteria (GHB): Bacteria that are unable to use carbon dioxide as their sole source of carbon and require one or more organic compounds.

Hydrocarbon-oxidizing organisms: Heterotrophic microorganisms capable of using hydrocarbons as their energy source as well as a carbon source for growth.  This metabolic process is generally aerobic, requiring the presence of oxygen.

Hydrogenase: An enzyme that catalyzes the oxidation of hydrogen and is possibly involved in cathodic depolarization by sulfate-reducing bacteria.

Immunoassay: A detection method that takes advantage of antibody specificity to a protein or cell component being analyzed.  The antibody is usually conjugated to a fluorescein dye or chromogenic substrate, which allows quantification of the molecule being investigated.

Inoculum: A medium or sample containing microorganisms that is introduced into a culture.

Iron bacteria: For the purposes of this standard, those bacteria that oxidize ferrous iron (Fe2+) to ferric iron (Fe3+), and generally precipitate as iron hydroxide.

Membrane filter technique: An enumeration technique for waters with low bacterial concentrations in which a volume of sample is passed through a 0.45 µm filter using a filter funnel and vacuum system.  Any organisms in the sample are concentrated on the surface of the membrane.  The filter is then placed in a nutrient medium. The passage of nutrients through the filter facilitates the growth of organisms on the upper surface of the membrane.  The discrete colonies that form on the surface of the membrane can be easily transferred to confirmation media.

Methanogens: Microorganisms that produce methane as a metabolic by-product in anoxic conditions.  They are classified as Archaea and are involved in MIC by consuming hydrogen at the metal surface and hereby creating a depolarization process.  Some are extremophiles and found in environments such as oilfield systems, hot springs, and submarine hydrothermal vents, as well as in the solid rock of the Earth’s crust kilometers below the surface.  Methanogens are common in oil production systems; however, they are normally not measured with current culturing techniques.
  
Microbial ecology: Encompasses a wide range of disciplines and focuses on the interactions of microorganisms with one another and with their environment.

Microorganisms: Common term used for unicellular organisms of the plant or animal kingdoms that are structurally related.  These cannot be seen without magnification and generally range from 0.2 to 200 µm in size.

Microbiologically influenced corrosion (MIC): Corrosion affected by the presence or activity, or both, of microorganisms.  Additionally, for the purposes of this standard, this can occur in biofilms on the surface of the corroding material, and many materials, including most metals and some nonmetals, can be degraded in this manner.

Minimal inhibitory concentration: The lowest concentration of antimicrobial agent that prevents growth in a suitable medium to create the desired result.  This bacteriostatic test is only a measure of bacterial growth inhibition and yields no information on the lethality of the agent under test.

Most probable number (MPN) method: The essence of this method is the dilution of a sample to such a degree that inocula sometimes, but not always, contain viable organisms.  The outcome, i.e., the numbers of inocula producing growth at each dilution, will imply an estimate of the original, undiluted concentration of bacteria in the sample.  To obtain estimates over a broad range of possible concentrations, microbiologists use serial dilutions, incubating several tubes or plates (replicates) at each dilution.

Nitrate-utilizing bacteria (NUB): Bacteria that utilize nitrogen and nitrogen compounds in their metabolic processes.

Organic Acids: Weak acids that contain carbon (carboxylic acids) and are the end product of metabolism by a variety of microorganisms (e.g., acetic, formic, propionic, butyric, lactic).  Also known as short-chain fatty acids.

Osmotic balance: In the context used here, the proper salt concentration of a medium required for the bacteria being cultured to be able to maintain proper osmoregulation.
 
pH: The negative logarithm of the hydrogen ion activity written as: 

pH = -log10 (aH+)

Where:
aH+ = hydrogen ion activity = the molar concentration of hydrogen ions multiplied by the mean ion-activity coefficient.

Phase separation: Specifically used here to refer to the macroscopic separation of oil and water in a sample into the two respective fluids by allowing time for the fluids to settle.

Phenol red dextrose broth: Culture medium used to grow heterotrophic bacteria.

Phosphate buffer: A solution made of dibasic potassium phosphate (K2HPO4) and sodium phosphate (Na2HPO4).

Phytoplankton: A collective term for free-floating aquatic plants and plant-like organisms.  Compare zooplankton.

Pig run: The process of launching a pig device in a pipeline segment for the purpose of cleaning or to monitor pipeline integrity.

Pigging: A procedure used for cleaning pipeline scale, deposits, and solids or to monitor pipeline integrity.  The pig consists of a cylindrical device that forms a seal with the inner pipe surface and is launched through a segment of the pipeline using differential pressure.  Pigs may be equipped with brushes or various adaptations to facilitate cleaning or permit inspection of the pipe wall. 

Planktonic bacteria: Bacteria that are freely floating in liquid.  Planktonic bacteria can become sessile bacteria by adhering to a surface.

Postgate’s medium B (Postgate medium B): Specific medium designed for culturing sulfate-reducing bacteria characterized by the use of lactate as a carbon source and sulfate as the terminal electron acceptor required for SRB metabolism.

Protozoa: Single-celled eukaryotic microorganisms that feed heterotrophically and exhibit diverse forms of motility.

Quantitative polymerase chain reaction (qPCR): A molecular method used to quantify the total number of microorganisms or a specific genus/species of microorganisms in nearly any type of sample.  qPCR may be used on both fluid and solid samples, including microorganisms collected via membrane filters.  This method uses synthetic DNA (called primers) tagged with fluorescent molecule or synthetic DNA mixed with a DNA intercalating agent (dye) to quantify organisms using a modified version of the polymerase chain reaction (PCR) technique.

Radiorespirometry: Sensitive method for bacterial enumeration whereby radioactive nutrients are metabolized by bacteria in a sample and the amount of radio-labeled gases that are generated are measured to give an estimate of the number of viable bacteria in the sample.

Redox potential: The potential of a reversible oxidation-reduction reaction in a given electrolyte reported on the standard hydrogen electrode scale.  (Also called oxidation-reduction potential).  For the purposes of this standard, this is a measure of the relative oxidation-reduction potential of an environment.  Aerobic bacteria grow best in systems with highly positive redox potentials (oxidizing environments) while anaerobic bacteria, including SRB, grow much better in reducing environments where the redox potential is less than –100 mV.

Salinity: The measure of dissolved salts in the system water, usually reported as total dissolved salts (TDS) or chlorides.  The salinity should be approximated when media for culturing microorganisms from the system water are prepared.

Sampling bomb: A device used to take liquid samples at discrete depths in drums, tanks, and surface water bodies.

Sampling thief: Another term used for a liquid sampling device used to take samples at discrete depths.  See sampling bomb.

Serial dilution method: Method of enumerating bacteria in a sample via transfer to a series of growth media vials using successive 1:10 dilutions in each successive vial.  Following an incubation period, the number of positive cultures provides an estimate of the number of bacteria in the original sample.  For statistical validity, this test is done with replicates and the population estimate is derived from a statistical table.  See most probable number method.

Serum vial: A glass vial used for culturing bacteria.  It contains a septum that can be sealed with a metal ring.  The septum can be accessed with a syringe needle for inoculating bacteria.  The vial assembly can be filled with culture media and autoclaved for sterilization.

Sessile bacteria: Bacteria that are attached to surfaces and/or live in biofilms.

Shewanella putrefaciens: Although not true SRB, these sulfidogenic bacteria exist in biofilms and can act synergistically with SRB to facilitate MIC and hydrogen sulfide formation.

Shut-in: In general, refers to closing the valves to a well to shut off production.  The term also refers to closing down a segment of a system, vessels, piping, or injection wells.  During the shut-in period, the fluids in that part of the system are stagnant and amenable to increased bacterial growth.

Sodium lactate SRB medium: Medium for culturing SRB.  It is derived from the original Postgate B medium and provides similar nutrients and salts but in a slightly different formulation.  See Postgate B medium.

Spool: A monitoring device for obtaining sessile bacterial samples, often consisting of a removable pipe section inserted in a side-stream flow loop, whereby a representative sample of sessile biofilm growth may be acquired.

Standard bacteriological nutrient broth: Basic culture medium for heterotrophic bacteria containing beef extract and peptone.

Sterile: Free of living organisms.  To sterilize a medium or material is to kill all microorganisms that are present.  See autoclave.

Strict aerobes: See aerobic bacteria.

Strict anaerobe: See anaerobic bacteria.

Subculture: For the purposes of this standard, used to evaluate false positives for the presence of SRB in the first two vials of a dilution series that have turned black within two hours because of the presence of hydrogen sulfide.  After 28 days of incubation, a 1 mL aliquot may be taken from these vials and re-tested by serial dilution into SRB media (subculturing) to determine whether SRB are present.

Sulfur-oxidizing organisms: A broad group of aerobic bacteria that derives energy from the oxidation of sulfide or elemental sulfur to sulfate.

Sulfate-reducing archaea (SRA): A group of anaerobic archaea that reduce sulfate resulting in sulfide formation.  

Sulfate-reducing bacteria (SRB): A group of anaerobic bacteria that reduce sulfate resulting in sulfide formation.

Temperature gradient gel electrophoresis (TGGE): A molecular method used to profile the most abundant microbial groups in a sample.  DGGE is a similar technique that is based on a chemical gradient.

Thermophilic bacteria: Bacteria that grow and reproduce in high-temperature environments, above 45 °C (113 °F). 

Thioglycolate broth: A culture medium used to grow anaerobic bacteria in the laboratory.

Time-kill test: A biocide screening test that determines the efficacy of a biocide against microorganisms cultured from the system and identifies optimum contact times and concentrations for effective bacterial kill.

Zooplankton: Collective term for non-photosynthetic organisms present in plankton.

Appendix B
Alternative Methods for Assessing Bacterial Populations
(Nonmandatory)

This appendix is considered nonmandatory, although it may contain mandatory language.  It is intended only to provide supplementary information or guidance.  The user of this standard is not required to follow, but may choose to follow, any or all of the provisions herein.

The methods below are laboratory based and provide further definition to the bacterial populations examined but are not normally associated with field techniques.  They are often used to enhance data derived from field testing.  These include general fluorescent microscopy, prokaryotic speciation by DNA sequencing, quantitative polymerase chain reaction (qPCR), radiorespirometry, denaturing gradient gel electrophoresis (DGGE), and fluorescent antibody microscopy.  Users are responsible for determining the appropriateness of any of these methods for their needs.  In general, samples should be kept in sterile containers and at a cold temperature (4 °C [39 °F]) during transportation except for bacteria fixed on membranes for DGGE and qPCR, which may be shipped at ambient temperature.  Commercial laboratories that provide these testing services should provide specific sampling instructions.

Fluorescent Microscopy: The total number of bacteria in the sample can be determined, and in some cases live and dead cells can be distinguished, by fluorescent microscopy.  Specific stains that fluoresce when irradiated with ultraviolet light are used.  Stains such as acridine orange, fluorescein isothiocyanate (FITC), and DAPI are used for total bacteria counts because they stain both the live and the dead cells.  Recent developments in fluorescent stain technology have resulted in methods using a combination of dual fluorescent dyes, with different emission spectra, that can distinguish between live and dead bacteria.  A fluorescence microscope is used to allow cells to be counted.15  Some interferences may result from organic and inorganic material suspended in the sample.  This technique helps distinguish microorganisms from debris, for example, or it may be used to examine specific cellular structures of microorganisms.  A variety of microbiological test kits are commercially available.

Radiorespirometry: This method, as currently proposed is specific to SRB.16  Like the culture methods described elsewhere in this standard, it requires bacterial growth for detection.  Unlike other culture methods for SRB, however, it produces results in one to two days of total testing time.  The sample should first be incubated with a known trace amount of 35S-labeled sulfate.  After incubation, the reaction should be terminated with acid to kill the cells and to release any 35S-sulfide produced by SRB.  Such sulfides should be fixed in zinc acetate before quantification, using a liquid scintillation counter.  Once the 35S-sulfides are fixed, they may be quantified in laboratories away from the site.  When the natural concentration of sulfate is known, the overall activity of the SRB population may be calculated.  Radiorespirometry has been applied to quantify SRB in the field and for testing biocide efficiency in the laboratory.17  However, it is a highly specialized technique involving expensive laboratory equipment.  Also, the handling of radioactive substances is strictly regulated.

Fluorescent Antibody Microscopy: This method is similar to the general fluorescent microscopy described above, except that FITC (the fluorescent dye used) is bound to antibodies specific to SRB cells; consequently, only those bacteria recognized by the antibodies fluoresce under the microscope.18  The major advantage is speed, because results are obtained within two hours.  The major limitation of this method is that, because the antibodies are developed against whole SRB cells, they are specific only to the type of SRB used in their manufacture.  While a large number of SRB antibodies can be combined to make the test fairly general, there is always the possibility that new strains that are not detected will be encountered.  Other than that, the disadvantages are similar to those for other microscopic techniques: the high degree of training required, difficulty in dealing with samples containing a lot of debris, the need for a laboratory facility, and the detection of nonviable as well as viable SRB.  NOTE: While this method, as cited, is used to detect SRB, it may be used for other microbes as well.  However, separate antibody “pools” must be developed for each microbe to be tested.

Molecular Microbiological Methods (MMM)19-24

Genetic methods are a culture-independent approach, which provides direct analysis of samples without the bias introduced by the growth process.  Because no prior growth of microorganisms is required, the genetic methods accept very small amounts of any type of sample (liquid, biofilm, solid, and dry samples) with or without live bacteria.  After genetic materials are extracted from the sample, assays that are very specific are performed, which render a more precise quantification of various types of bacteria than culture tests.  qFISH, PCR, qPCR, and DGGE are examples of molecular microbiological methods.

Quantification via FISH: FISH is a robust way of quantifying the fraction of living microorganisms in all kinds of process waters, such as injection water, cooling water and produced water and linking them to specific bacterial groups such as Bacteria, Archaea, or SRB.  FISH probes may be designed to attach only to selected groups of microorganisms, e.g., specific types of SRB or SRA.  Therefore, only specific target microorganisms will be visible for enumeration during microscopy.  

Quantification via qPCR: qPCR may be used to quantify the total number of microorganisms or a specific genus/species of microorganisms in nearly any type of sample including produced fluids, oil/emulsion, and solids.  This method does not underestimate organisms that do not grow in culture.  qPCR may be used on both fluid and solid samples as well as microorganisms collected via membrane filtration.  This method uses synthetic DNA (called primers) tagged with a fluorescent molecule or synthetic DNA mixed with a DNA intercalating agent (dye) to quantify organisms using a modified version of PCR.  Similar to FISH, the qPCR method can enumerate a very general (i.e., total bacteria or archaea) or very specific (i.e., Desulfovibrio desulfuricans) population.  

DGGE: The DGGE technique is a PCR-based method for comparing microbial communities across a number of different samples.  During DGGE, genetic material in individual samples is amplified by PCR and subsequently compared by electrophoresis.  The technique is used for identifying dominant groups of microorganisms in individual samples and for evaluating how the microorganisms are distributed between samples (growth hot spots).  This type of testing may be performed on any fluid or solid sample as well as bacteria collected via membrane filtration.  

Prokaryotic speciation via DNA sequencing: Molecular-based tools used in the oilfield may provide a much more in-depth understanding of the microbial community present in a given system.  For prokaryotic speciation, the most abundant microorganisms can be identified at the genus or species level (e.g., Desulfovibrio sp.).  This type of information can aid in the understanding of the potential risk for MIC and in selecting and monitoring biocide efficacy.  Briefly, total prokaryotic DNA is extracted from a given sample, amplified via PCR, separated via DGGE, and sequenced for species or genus identification.  This type of testing may be performed on any fluid or solid sample as well as bacteria collected via membrane filtration.

Next Generation Sequencing: A high throughput sequencing method that allows numerous reactions to be run in parallel, producing thousands or millions of DNA sequences at one time.  This single test can be performed in a matter of less than one (1) week.  The heightened sensitivity of the next generation DNA sequencing technique allows for the identification of microorganisms that would go undetected by previous sequencing techniques (such as DGGE and single pass DNA sequencing).  The output of this test provides details of the microbial populations present, usually Family, Genus, or Species level.  This technique may aid in defining the potential risk for MIC in a system, provide insight into microbial control strategy, and identify key points in a system that requires continued monitoring.  This type of testing may be performed on any fluid or solid sample as well as bacteria collected via membrane filter or swab.


Appendix C
Growth Medium Formulations
(Nonmandatory)

This appendix is considered nonmandatory, although it may contain mandatory language.  It is intended only to provide supplementary information or guidance.  The user of this standard is not required to follow, but may choose to follow, any or all of the provisions herein.

Table C1
SRB Growth Media[footnoteRef:6](A) [6: (A) Material in ( ) show optional modifications to standard media.] 

	Media Type
	Postgate B
	Postgate G
	One Modified
Postgate B
	Sodium
Lactate[footnoteRef:7](B) [7: (B) From API RP 38.  Iron nails should be added to vials before filling.  Nails should be cleaned in acetone, activated by soaking in 2 N HCl for 30 minutes, water washed to remove acid and stored in acetone until used.] 


	Components
	Solution 1
	

	KH2PO4
	0.5 g
	0.2 g
	0.5 g
	0.01 g

	NH4Cl
	1.0 g
	0.3 g
	1.0 g
	-----

	CaSO4
	1.0 g
	-----
	2.0 g
	-----

	Na2SO4
	------
	3.0 g
	-----
	-----

	CaCl2•2H2O
	------
	0.15 g
	-----
	-----

	MgSO4•7H2O
	2.0 g
	-----
	2.0 g
	0.2 g

	MgCl2•6H2O
	-----
	0.4 g
	-----
	-----

	KCl
	-----
	0.3 g
	-----
	-----

	NaCl (Marine Only)
	(25 g)
	1.2 g
	To Desired Level
	10.0 g

	Sodium Lactate (60%)
	3.5 mL
	-----
	3.5 mL
	4.0 mL

	Yeast Extract
	1.0 g
	-----
	1.0 g
	1.0 g

	Ascorbic Acid
	-----
	-----
	-----
	0.1 g


	Above ingredients are added to 960 mL tap water and pH is adjusted to 7.2 to 7.8 with KH2PO4. 
	

	Solution 2
	

	Ascorbic Acid
	0.1 g
	-----
	0.1 g
	-----

	Thioglycolic Acid
	0.1 g
	(0.05 mL)
	0.5 mL
	(0.05 mL)

	Above ingredients added together in 20 mL of tap water and pH is adjusted to 7.4 to 7.8 with 4.0 N NaOH.
	

	Solution 3
	

	FeSO4•7H2O
	0.5 g
	-----
	0.5 g
	-----

	Above ingredient is added to 20 mL of tap water.  The solution is acidified to a pH of 1.8 to 2.0 using HCl adding drop wise until ferrous sulfate dissolves.
	

	Fe(SO4)2(NH4)2•6H2O
	-----
	-----
	-----
	0.2 g

	Selenite Solutiona
	-----
	3.0 g
	-----
	-----

	Trace Element Solutionb
	-----
	1.0 mL
	-----
	-----

	NaHCO3 Solutionc
	-----
	2.55 mg
	-----
	-----

	Na2S•9H2O Solutiond
	-----
	0.36 g
	-----
	-----

	Vitamin Solutione
	-----
	1 mL
	-----
	-----

	Growth Stimulantsf
	-----
	1 mL
	-----
	-----

	20 % Sodium Acetate
	-----
	10 mL
	10 mL
	(25 mL)

	7% Proprionic Acid
	-----
	(10 mL)
	10 mL
	-----

	Prepared Nail
	-----
	-----
	(1)
	1

	The three solutions are autoclaved separately.  After a minimum of 5 minutes of cooling, the three solutions are combined (if for immediate use).  The medium is allowed to cool.  Solutions may be stored separately, under refrigeration, and heated and combined when used.
	(Distilled water) 1,000 mL

	Positive Reaction
	Black Solution (ppt)
	Black Solution (ppt)
	Black Solution (ppt)
	Black Solution (ppt)



Optional Additions to Postgate Medium G:

· Selenite, 3 g (autoclaved stock of 3 mg Na2O3Se + 0.5 g/L NaOH).

· Trace elements, 1 mL (autoclaved stock of FeCl2.4H2O, 1.5 g; H3BO3, 60 mg; MnCl2.4H2O,100 mg; CoCl2.6H2O, 120 mg; ZnCl2, 70 mg; NiCl2 .6H2O, 25 mg; CuCl2.2H2O, 15 mg; NaMoO4.2H2O, 25 mg/L).

· NaHCO3, 2.55 mg (30 mL of 8.5% w/v solution, filter-sterilized after saturation with CO2).

· Na2S.9H2O, 0.36 g (3 mL of 12% w/v solution autoclaved under N2).

· Vitamins, 0.1 mL (from filter-sterilized stock of biotin, 1 mg; p-aminobenzoic acid, 5 mg; vitamin Bl2, 5 mg; thiamine, 10 mg/100 mL).

· Growth stimulants, 0.1 mL (from autoclaved stock of isobutyric acid, valeric acid, 2-methylbutyric acid, 3-methylbutyric acid, 0.5 g of each; caproic acid, 0.2 g; succinic acid, 0.6 g/100 mL NaOH to pH 9).

Precautionary Notes:

· Because of the difficulty in growing some field strains of SRB, one of the following may be added to this medium: (1) 0.05 mL thioglycolic acid for additional redox reduction, (2) an acid-etched iron nail to provide adequate iron concentrations, and/or (3) 2.5 g sodium acetate.

· Adding sulfur-containing compounds other than sulfate (e.g., sulfite, bisulfite, thiosulfate, etc.) should be avoided.  These compounds may allow non-SRB to grow in these media and be reported as SRB rather than more appropriately as sulfide-producing bacteria.

· There are SRB that use carbon sources other than lactate, specifically acetate, propionate, and butyrate.  These non-lactate-utilizing SRB may be present in some oilfield systems and may not grow in media containing only lactate.  In these cases, SRB culturing in traditional media may seriously underestimate the total SRB population present.  If lactate-based media invariably and unexpectedly yield low SRB populations in situations in which high SRB populations are expected (as indicated by sulfide production, MIC, etc.), other media options should be screened to determine the most appropriate one for a particular system.  In addition, several methods are available for estimating SRB populations (See Appendix B).

Table C2
Media for Heterotrophic Bacteria(A)

	Ingredients
	General Aerobic Heterotrophic Broth
	Standard Nutrient Broth
	Thioglycolate Broth

	Yeast extract
	0.5 g
	-----
	5.0 g

	Proteose peptone
	0.5 g
	-----
	-----

	Casamino acids
	0.5 g
	-----
	-----

	Glucose
	0.5 g
	-----
	-----

	Soluble starch
	0.5 g
	-----
	-----

	Sodium pyruvate
	0.3 g
	-----
	-----

	Dipotassium hydrogen orthophosphate (K2HPO4)
	0.3 g
	-----
	-----

	Magnesium sulfate (MgSO4•7H2O)
	0.05 g
	-----
	-----

	Beef Extract
	-----
	3.0 g
	-----

	Peptone
	-----
	5.0 g
	-----

	Casitone
	-----
	-----
	15.0 g

	L-Cystine
	-----
	-----
	0.25 g

	Sodium Chloride
	-----
	-----
	2.5 g

	Thioglycolic Acid
	-----
	-----
	0.3 mL

	Agar
	-----
	-----
	0.75 g

	Dextrose
	-----
	-----
	5.0 g

	Ascorbic Acid
	(0.1 g)
	(0.1 g)
	(0.1 g)

	Distilled water to make up to
	1,000 mL
	1,000 mL
	1,000 mL

	Final pH (Use K2HPO4 or KH2PO4)
	7.2
	7.2
	7.2

	Positive Reaction
	Turbidity
	Turbidity
	Turbidity


(A)Broth should be placed in vials and autoclaved for 15 minutes at 121 °C (250 °F).  ( ) is optional with ascorbic acid being used to ensure anaerobic broth media.

Table C3
Media for Various Types of Phenol Red Broth

	
	Phenol Red Broth(A)

	Ingredients
	Base
	Dextrose
	Lactose
	Maltose
	Mannitol
	Saccharose

	Proteose Peptone 
	10 g
	10 g
	10 g
	10 g
	10 g
	10 g

	Beef Extract
	1 g
	1 g
	1 g
	1 g
	1 g
	1 g

	Dextrose
	—
	5 g
	—
	—
	—
	—

	Lactose
	—
	—
	5 g
	—
	—
	—

	Maltose
	—
	—
	—
	5 g
	—
	—

	Mannitol
	—
	—
	—
	—
	5 g
	—

	Saccharose
	—
	—
	—
	—
	—
	5 g

	Sodium Chloride
	5 g
	5 g
	5 g
	5 g
	5 g
	5 g

	Phenol Red
	0.018 g
	0.018 g
	0.018 g
	0.018 g
	0.018 g
	0.018 g

	Positive Reaction
	Yellow
	Yellow
	Yellow
	Yellow
	Yellow
	Yellow


(A)The broth should be adjusted to pH 8.13 using 4N NaOH and be placed in vials and autoclaved for 15 minutes at 121 °C (250 °F).  After autoclaving, the final pH should be 7.4  0.2 at 25 °C (77 °F).  



Table C4
Nitrogen Utilizing Bacteria Media

	Ingredients
	Denitrifying Medium (DNB)

	Asparagine
	1.0 g

	Sodium Citrate
	5.0 g

	Potassium Nitrate
	2.0 g

	Dipotassium Hydrogen Orthophosphate (K2HPO4)
	2.0 g

	Magnesium Sulfate
	2.0 g

	Calcium Chloride
	0.01 g

	FeCl3
	0.01 g

	Deionized Water
	1,000 mL

	Positive Reaction
	No nitrate or nitrite residuals in solution



Table C5
Nitrogen Reducing Bacteria Media(A)

	Ingredients
	NRB Medium

	Lab Lemco/Beef Extract
	3.0 g

	Peptone
	5.0 g

	Potassium Nitrate
	1.0 g

	NaCl 
	Adjust to desired TDS

	Deionized Water
	1,000 mL

	Positive Reaction
	Reduction of nitrate to nitrite


(A)The broth should be adjusted to pH 7.0 using 1N HCl and be placed in vials and autoclaved for 15 minutes at 121 °C (250 °F).  After autoclaving, the final pH should be 7.0  0.2 at 25 °C (77 °F).  

Table C6
Methanogenic Media(A)

	Ingredients
	Methanogenic Acid (MET)

	Sodium Hydroxide
	4.0 g

	Yeast Extract
	2.0 g

	Typtidcase Peptones
	2.0 g

	Mercaptoethanesulfonic Acid
	0.5 g

	Ammonium Chloride
	1.0 g

	Potassium Phosphate Trihydrate (dibasic)
	0.4 g

	Magnesium Chloride Hexahydrate
	1.0 g

	Calcium Chloride Dehydrate
	0.4 g

	Resazurin
	1.0 g

	Mineral Solution
	10 mL

	Vitamin Solution
	10 mL

	Deionized Water
	1,000 mL

	Positive Reaction
	Turbidity


(A)Note: Methanogens are strict anaerobes, thus the use of resazurin; if oxygen is present, the solution will be pinkish.  Mercaptoethanesulfonic acid is the definitive compound necessary for methane production; thus the medium caters specifically to methanogens.  

Table C7
Iron Bacteria Media

	Ingredients
	Iron Reducing Bacteria
	Iron-Oxidizing Bacteria

	Sodium Bicarbonate, NaHCO3
	2.5 g
	

	Calcium Chloride, CaCl2.2H2O
	0.1 g
	

	Calcium Chloride, CaCl2.6H2O
	
	0.2 g

	Potassium Chloride, KCl
	0.1 g
	

	Dipotassium Phosphate, K2HPO4
	
	0.5 g

	Ammonium Chloride, NH4Cl
	1.5 g
	

	Ammonium Nitrate, NH4NO3
	
	0.5 g

	Ammonium Iron Citrate
	
	6.0 g

	Sodium Phosphate, NaH2PO4.2H2O
	0.6 g
	

	Sodium Chloride, NaCl
	0.1 g
	Adjust to desired TDS

	Magnesium Chloride, MgCl2.6H2O
	0.1 g
	

	Magnesium Sulfate, MgSO4.7H2O
	0.1 g
	0.5 g

	Manganese Chloride, MnCl2.4H2O
	0.005 g
	

	Sodium Molybdate, Na2MoO4.2H2O
	0.001 g
	

	Sodium Nitrate, NaNO3
	
	0.5 g

	Ferric Citrate, FeC6H5O7.3H2O
	0.8 g
	

	Sodium Acetate, NaCH2COOH
	0.7 g
	

	Yeast Extract
	0.05 g
	

	Deionized Water
	To 1,000 mL
	

	Positive Reaction
	Green
	Orange to Brown



Table C8
Phosphate-Buffered Saline (PBS)(A)

PBS solution is commonly used to process sessile samples.  This solution may also be used to suspend deposits from corrosion failures, coupons, pig run specimens, or biofilm probes.  The PBS solution provides an environment for maintaining viable bacteria without providing nutrients for growth.  

	Ingredients
	Phosphate Buffered Saline (PBS)
	

	Sodium Chloride, NaCl
	8.7 g
	

	Potassium Phosphate Monobasic, KH2PO4
	0.4 g
	

	Potassium Phosphate Dibasic, K2HPO4
	1.23 g
	

	Deionized Water
	1,000 mL
	

	
	
	

	
	
	

	
	
	


(A)The solution should be adjusted to pH 7.0 using 1N HCl and be placed in vials and autoclaved for 15 minutes at 121 °C (250 °F).  After autoclaving, the final pH should be 7.0  0.2 at 25 °C (77 °F).  In some instances, sterile glass beads are added to help break apart and disperse the solids or biofilm.

General Media Recommendations

· Dissolve the ingredients as described in formularies recognizing that the order of addition may be critical.  Adjust the pH as specified. 

· TDS should approximate that of the field water being tested. 

· The medium may be made up in source water, i.e., substituting filtered source water for distilled water in the medium formula.  Some source waters may contain sulfide concentrations that make them inappropriate for use in medium preparation (because the medium is black on initial preparation).  In such cases, the H2S may be removed by boiling the water before medium preparation.  Likewise, other source waters may contain high levels of CO2 that may lead to pH instability.  Buffering may be needed.

· Fill serum vials (nominal 10 mL capacity) with 9 mL of bacterial growth medium while maintaining an inert gas atmosphere.  Seal the vials with a stopper and an air-tight cap.  After sealing, sterilize the filled vials by autoclaving.  Use approved QA/QC validation procedures to ensure quality product.

· All vials should be marked with the date that the medium was prepared and then examined periodically for deterioration.  They should be stored at 4 °C (40 °F).


Appendix D
Membrane Filtration-Aided Bacterial Analyses
(Nonmandatory)

This appendix is considered nonmandatory, although it may contain mandatory language.  It is intended only to provide supplementary information or guidance.  The user of this standard is not required to follow, but may choose to follow, any or all of the provisions herein.

Occasionally, it may be desirable to test for microbial contamination in waters that contain very low bacterial populations (< 1 to 10 cells/mL).  In these situations, either large volumes of sample must be inoculated into culture media, or the cells in these samples must be concentrated.  The membrane filter technique may be used to test relatively large volumes of sample and generally yields numerical results rapidly.25  However, this technique is limited to low-turbidity waters.

A known volume of water (usually 1 L) should be filtered through a pre-sterilized membrane with a pore size no larger than 0.45 µm.  When the membrane is handled, sterilized forceps should always be used and the filter should never be touched to non-sterile objects.  Forceps should normally be cleaned with 70% alcohol, such as isopropanol or methanol, followed by flaming.  NOTE: Permission for using an open flame must be obtained from the local operations management.  If flaming is not permitted, then enough pre-sterilized forceps should be provided.  If many samples are to be taken, the parts of the filter holder in direct contact with the membrane should also be sterilized between samples.  Pre-sterilized filters and holders are available from several scientific supply houses.

The filter should then be placed on a suitable agar surface (for heterotrophic bacteria) or inserted into a bottle containing the appropriate SRB medium.  

NACE Standard TM0173 gives details of membrane filtration, including the most commonly used membrane types.


Appendix E
Bacterial Culturing by Serial Dilution
(Mandatory)

In the serial dilution approach to bacterial culturing, an attempt is made to transfer smaller and smaller portions of the original fluid to each successive vial.  This is accomplished by a stepwise 1:10 dilution scheme until, in theory, no bacteria are transferred.  The growth medium in the serial dilution vials provides nutrients for prolific growth of the transferred bacteria.  A growing bacterial population causes a visible change in the respective vial.  For example, turbidity (cloudiness) in general count heterotrophic vials, a color change of red to yellow in phenol red vials, and a black precipitate in sulfate-reducer vials.  The final vial of a dilution series to show these conditions should be the vial that received between 1 and 10 bacteria and represents the dilution factor necessary to reduce the original inoculum to these concentrations.  Multiplying by the dilution factor gives the approximate number of bacteria per mL present in the original sample (see note below).

Sampling

Collect samples according to Section 2 and/or 3.

General Culturing Procedure 

Preliminary Steps	

Label general count vials (heterotrophic medium) 1 through 6.

Label sulfate-reducer vials 1 through 6 using the labeling convention illustrated in Figure E1.

[image: Serial Schematic]

Figure E1: Schematic of triplicate serial dilution inoculation (MPN).

Using a sterile syringe, remove 1 mL from the sample and inject it into the appropriate media vial. Shake the vial or aspirate the fluid vigorously with the syringe.  Discard the syringe.  Using a new sterile syringe between each new dilution, remove 1 mL of fluid from the previous vial and inject it into the successive media vial.  Repeat for the desired dilution series.  

Incubation.  Incubate the dilution series at a temperature approximating the field temperatures (within ± 5 °C [± 9 °F]).

Results Interpretation and Reporting 

Following incubation, visually examine all vials and report the results.  Turn the vials over several times to re-suspend growth that has settled to the bottom.  Count the number of positive vials (the ones that show growth), and use Table 1 to approximate the number of bacteria in the original sample.  NOTE: Table 1 gives a simplistic approximation of the bacterial population.  Estimating bacterial populations by the serial dilution method is a subject for statistical analysis.  The more replicate samples done, the tighter the statistical distribution, and the more precise the estimate.  This is illustrated in Tables E1 through E3.  Therefore, with the testing prescribed in this standard, the ranges of bacterial populations shown in Table 1 are actually too narrow.  Adding to the confusion is the fact that bacterial media inherently underestimate bacterial populations.  However, by convention, the values reported in Table 1 are considered acceptable for oilfield situations. 

Serial Dilution-to-Extinction Theory

The basis for estimating the bacterial population is as follows: As supplied, each vial contains 9 mL of growth medium.  When 1 mL of a water sample is added to Vial 1 of a set, the sample is thereby diluted tenfold.  On transferring 1 mL of fluid to Vial 2, a tenfold dilution of Vial 1 is effected; i.e., each vial in the series is a tenfold dilution of the preceding one.  For example, when growth occurs in Vials 1, 2, and 3, but not in Vials 4, 5, and 6 of a series, it follows that no bacteria were transferred into Vial 4 from Vial 3.  Theoretically, Vial 3 must have received at least 1 bacterium from Vial 2, but presumably no more than 10.  Therefore, the dilution-to-extinction point is 3 vials.  Because three tenfold dilutions were involved, the results indicate a range of 100 to 999 bacteria per mL in the original sample.  By convention, the upper limit number of this range is reported as the estimation result.  In this case, 1,000 bacteria/mL are reported.

Common Growth Interpretation Problems

All Vials Show Growth

Sometimes, severely infected waters produce growth in all vials of a test series.  This indicates that a true end point (dilution-to-extinction) was not reached.  For example, if all the vials in a series of six show growth, then the population is 1,000,000 or more per mL.  Record the population as  1,000,000 or  106 bacteria/mL.

There Is a Gap in the Positive Vials

Occasionally, after incubation of a set of inoculated vials, a vial that remains unchanged (no growth) may be followed by one that exhibits change, indicating growth.  One might, for example, find turbidity in Vials 1, 2, 3, and 5 of a set, but not in Vial 4.  There are several likely explanations:

1.	Accidental contamination of Vial 5 occurred.  Perhaps the syringe needle touched some contaminated object in the process of transferring fluid from Vial 4 to Vial 5.

2.	Only a few living bacterial cells may have been transferred into Vial 4 from Vial 3, and these same cells could have been picked up in the 1 mL of fluid transferred from Vial 4 to Vial 5.  The result would be growth in Vial 5, but not in Vial 4.

3.	The bacteria left in Vial 4 did not survive for unknown reasons, whereas the bacteria transferred to Vial 5 did.

The interpretation when a gap occurs is still based on the number of positive vials; i.e., the population in this example would be 10,000 per mL, not 100,000 per mL.  If more than one negative vial occurs between positive vials, the chances that contamination has occurred are greater.  In this case, it is customary to ignore the odd positive.

Duplicates Show Different Results 

Quite often, duplicate serial dilutions provide different estimates for the bacterial population in a water sample.  For example, one serial dilution reports 10 to 99, and the other 100 to 999.  Both results may be tabulated for the sample, or more often, only the higher population range is reported.

Bacterial Growth Media

The selection of the proper growth media to analyze bacterial populations in oilfield systems is often critical and should not be taken for granted.  Various media suppliers offer a variety of bacterial media formulations.  Some effort at assessing several of these media in each individual system to find the best medium to use generally pays dividends.  What is equally critical, and often overlooked, is that the total dissolved solids (TDS) in the media must approximate the TDS found in the system water.  Some vendors prepare the bacterial media in the actual field water to approximate more closely the conditions that the field bacteria are accustomed to seeing.  Those experiencing problems in assessing the bacterial populations in a system may wish to try this latter media preparation technique with alternative media formulations.  Some examples of media formulations are found in Appendix C.

Results Interpretation

As noted earlier in Paragraph 4.2.5.3, a generalized table is routinely used to report the results of serial dilution testing.  However, sampling large-volume oilfield systems and then estimating the bacterial population in those systems by using small-volume serial dilution testing is an inherently inaccurate process.  Precision may be increased further by using more replicate samples.  However, costs associated with increased replicate testing (including testing time) must be weighed against the practical value derived from the increased precision.

To illustrate, Tables E1 through E3 show the impact of increased sample replication in serial dilution testing on the precision of the results.  These tables were derived from Laboratory Methods in Food and Dairy Microbiology, by W.F. Harrigan and M.E. McCance.26  It should also be noted that these tables are based on statistical estimates and are not empirical.

Table E1
Single Serial Dilution

	Number of Positive Vials
	Actual Dilution of Sample
	Estimated Range of Bacteria per mL

	1
	1:10
	1 to 145

	2
	1:100
	7 to 1,450

	3
	1:1,000
	69 to 14,500

	4
	1:10,000
	690 to 145,000

	5
	1:100,000
	6,900 to 1,450,000

	6
	1:1,000,000
	69,000 to 14,500,000



Table E2
Duplicate Serial Dilution

	Number of Positive Vials
	Actual Dilution of Sample
	Estimated Range of Bacteria per mL

	1
	1:10
	1 to 66

	2
	1:100
	15 to 660

	3
	1:1,000
	150 to 6,600

	4
	1:10,000
	1,500 to 66,000

	5
	1:100,000
	15,000 to 660,000

	6
	1:1,000,000
	150,000 to 6,600,000



Table E3
Five Replicate Serial Dilution

	Number of Positive Vials
	Actual Dilution of Sample
	Estimated Range of Bacteria per mL

	1
	1:10
	1 to 33

	2
	1:100
	33 to 330

	3
	1:1,000
	330 to 3,300

	4
	1:10,000
	3,300 to 33,000

	5
	1:100,000
	33,000 to 330,000

	6
	1:1,000,000
	330,000 to 3,300,000




Appendix F
Example of Use Flow Chart
(Nonmandatory)

This appendix is considered nonmandatory, although it may contain mandatory language.  It is intended only to provide supplementary information or guidance.  The user of this standard is not required to follow, but may choose to follow, any or all of the provisions herein.

[image: TM0194_DecisionTree]
Figure F1: Decision Tree for Microbial Testing
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