
Closing the Nitrogen Cycle:
Utilizing Molecular Biological Tools to Address Nitrogen 
Transformation in Wastewater



Introduction

• The Nitrogen Cycle
• Nitrification
• Denitrification
• Anammox

• Molecular Biological Tools (MBTs)
• qPCR
• Next generation sequencing (NGS)  
• metagenomics

• MBT Applications
• MI Microbiology Database
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Why quantify nitrifiers?

• The Ammonia Update (1999, 2009 Draft, 2013)
• Nitrifiers are slower growers than heterotrophs

• More sensitive to low temperatures, pH, and toxic compounds

• Identify minimum AOB and NOB concentrations for nitrification

• Correlate AOB and NOB concentrations to operating parameters
• Solids retention time (SRT), F/M ratio
• DO concentration, temperature, alkalinity, pH

Ammonia Oxidizing Bacteria (AOB) Nitrite Oxidizing Bacteria (NOB)
(e.g. Nitrobacter)(e.g. Nitrosomonas)
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Estimate with cultivation approaches?

• Although nitrification is an important water and wastewater treatment 
process, isolating and quantifying the related organisms is not a 
common practice. 

• Because nitrification yields little energy, these bacteria grow at a much 
slower rate than most heterotrophic bacteria, making them relatively 
difficult to grow in the laboratory. 

• They also can be tedious to identify because of both their slow growth 
rate and their poor isolation and colony development on agar plates.

Standard Methods for the Examination of Water and Wastewater

Cultivation Methods

BART™ Test



How to quantify - qPCR

Quantitative polymerase chain reaction (qPCR)
• DNA extracted directly from sample

• No need to grow the organisms

• Primers/probes specific to target gene

• Accurate quantification of a target gene
• 16S rRNA genes (e.g. Nitrosomonas, Nitrobacter)
• Functional genes (e.g. ammonia monooxygenase)
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Nitrification

Ammonia Monooxygenase (MI Database) 
• Average: ~1.0E+05 copies/mL

• Median: ~7.0E+04 copies/mL

104 to 109 copies/mL

105 to 106 copies/mL
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Nitrification

Nitrite Oxidoreductase (MI Database) 
• Average: ~2.0E+04 copies/mL

• Median: ~1.0E+03 copies/mL

ND to 106 copies/mL
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Nitrification

Nitrite Oxidizing Bacteria (MI Database) 
• Average: ~2.0E+08 cells/mL

• Median: ~1.4E+04 copies/mL

Nitrospira
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Why quantify denitrifiers?

• Nitrogen limits and monitoring requirements
• Total nitrogen (TN) removal

• Biological phosphorus removal depends on nitrate removal
• Identify minimum concentrations for denitrification
• Correlate concentrations to operating parameters

• Optimize operating parameters (internal recycle, aeration)

Nitrite Reducing 
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(nirS & nirK)
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Denitrification

Nitrite Reductases nirK and nirS (MI Database) 
• Average: ~2.0E+07 copies/mL

• Median: ~1.0E+05 copies/mL

103 to 107 copies/mL
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Anammox

Anammox 16S rRNA (MI Database) 
• Average: ~2.0E+08 copies/mL

• Median: ~1.0E+03 copies/mL
• Detection: ~ 50%

107 to 109 copies/mL
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Additional qPCR Applications

• Denitrification w/ external carbon addition
• Denitrifiers
• Methanotrophs
• Alcohol dehydrogenase
• Glycerol utilizing bacteria

• Anaerobic Digesters
• Fermenters (acid formers)
• Methanogens

https://www.waterworld.com/

https://www.westlafayette.in.gov/



Additional qPCR Applications

Microbial Source Tracking (MST)
• General Bacteroides
• Human
• Dog 
• Cattle 
• Canada Goose
• Seagull

Identify fecal pollution sources



Additional Issues

Sludge Bulking or Foaming
• Sphaerotilus natans
• Microthrix
• Nocardia
• Thiothrix
• Gordonia



Additional Applications of MBTs

Biological Phosphorus Removal
• Phosphorus accumulating organisms (PAOs)

• Candidatus Accumulibacter
• Tetrasphaera

• Glycogen-accumulating organisms (GAOs)
• Competibacter

Four Stage Bardenpho



Metagenomics (Sequencing)

Who is there?

• Profile of microbial community composition
• Broad range (not specific)
• Relative abundance (not quantitative)
• Data intensive but informative



Metagenomics Terminology

NGS

NGS

Genetic potential 
of microbial 
community

Mixed Genomic DNA

Amplification with primers targeting gene 
of interest (e.g. 16S rRNA)

Microorganisms from sample

Amplicon 
Sequences

Who is there?

Computationally analyze 
sequences

PCR Products (amplicons)

Computationally analyze 
amplicon sequences

(Adapted from Frank Löffler)
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NGS Results

Sample ID
Reads Passing 

Quality 
Filtering

% Reads 
Classified 
to Genus

Shannon Simpson
Chao1 

Predicted 
Genera

Total 
Genera 

Observed
Sample 1 343,910 81.8% 3.9 0.95 620 566
Sample 2 333,779 84.8% 3.6 0.91 620 552
Sample 3 326,837 80.5% 4 0.96 630 565
Sample 4 393,302 82.0% 4 0.95 620 571
Sample 5 512,991 90.0% 2.8 0.88 580 490



Top Genus Classification Results

Classification Number of 
Reads

% Total 
Reads

Description

Zoogloea 104,259 20.6 Floc forming obligate aerobes found in activated sludge
Flavobacterium 44,946 8.9 Degrades biopolymers such as chitin and cellulose. This genus is aerobic and is widely distributed in 

soil and water.
Pseudomonas 27,626 5.5 Genus of metabolically versatile, chemoorganotrophic aerobes.  Generally, oxygen is the terminal 

electron acceptor, though nitrate reduction or complete denitrification may also be used under 
anerobic conditions by many species.  Overall, growth conditions vary greatly between species.  
Pseudomonas is ubiquitous in nature but may be less tolerant of acidic environments. 

Thiobacillus 16,734 3.3 Genus of sulfur oxidizing aerobes or facultative anaerobes.  Reduced sulfur compounds are oxidized 
to sulfate.  Thiobacillus generally grow autotrophically but some species grow 
chemoorganotrophically or chemolithotrophically.  All species are carbon dioxide fixers.  Some 
species are facultative denitrifiers with T. denitrificans

Leucobacter 14,847 2.9 Genus of chemoorganotrophic strictly aerobic bacteria.  Members of this genus are metabolically 
diverse and have been isolated from a variety of environments including soil, nematodes, air and 
activated sludge. 

Mycoplana 14,319 2.8

Genus of aerobic bacteria that possess a strictly respiratory type of metabolism that produce acid 
oxidatively from sugars.  Requiring biotin or thiamin for growth, Mycoplana utilize Casamino acids, 
ammonium salts, urea and peptone as both carbon and nitrogen sources.  Growth is branching and 
filament forming.

Lewinella 14,060 2.8

Genus of sheathed aerobic chemoorganotrophs.  Oxygen is used as the terminal electron acceptor.  
A variety of organic compounds are utilized as energy and carbon sources but specific type is 
species-dependent.

Shinella 10,511 2.1
Aerobic genus of non-spore forming bacteria.  Shinella utilize sugars and sugar alcohols as energy 
and carbon sources. 

Bulking

Filamentous



Genus Classification Results

Classification Number of 
Reads

% Total 
Reads

Description

Nitrospira 1,044 0.2 Nitrospira species are nitrite-oxidizing bacteria
Nitrosococcus 320 0.1 Genus of strictly aerobic ammonia-oxidizing bacteria (AOB) performing chemolithotrophic growth.

Nitrobacter 9 0.0 Genus of nitrifying lithotrophic or chemoorganotrophic bacteria possessing aerobic and anaerobic 
respiration capabilities.  Best known as a member of the nitrite oxidizing bacteria (NOB).

Thauera 612 0.1 Thauera is a genus of denitrifying bacteria.  Some strains are capable of anoxically degrading toluene 
via the benzyl succinate synthase gene (bssA). 

Tetrasphaera 1 0.0 Aerobic genus of bacteria considered to be polyphosphate accumulating organisms (PAOs)

Gordonia 505 0.1 Genus of aerobic actinomycetes. Some species are strongly associated with foaming problems in 
wastewater treatment.  Highly versatile and have been shown to degrade xenobiotics, 
environmental pollutants, and slowly biodegradable natural polymers.  Gordonia form sessile 
communities resulting in biofilms. A nocardioform actinomycete with mycelial growth fragmentation 
into rod or coccoid elements. 

Nitrifying

PAO

Foaming

Denitrifying



MBT Summary

qPCR
• What are the concentrations of nitrifiers, 

denitrifiers, etc.?

• Quantitative

• Absolute concentration (cells/mL)

• Target specific

• Functional genes or taxonomic

• Small, specific dataset

Next Generation Sequencing (NGS)
• Who is there?  How has the community changed?  

How diverse?

• Not quantitative 

• Relative abundance (% of total)

• Overall profile

• Usually taxonomic

• Large dataset



Final Thoughts

• MBTs are routinely used to 
monitor biological processes

• More accurate quantification of 
key organisms

• Predictive power

• Less upsets

• Save money

• Better effluent quality



Questions?
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