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SUMMARY AND CONCLUSIONS 

New molecular tools to detect nosZ and nrfA genes in soils: An expanded view of N2O- and nitrite 
reduction among diverse bacterial populations  

INTRODUCTION 
	



 
	



METHODS 
	

Soil samples:  Soils sampled across Illinois in 2006-2007 were used in initial PCR detection of the model population 

Anaeromyxobacter dehalogenans (harboring atypical nosZ & nrfA) and in 2010-2012 from Urbana (U) and Havana (H) for 
long term spatiotemporal monitoring (see below for general description of field design and soil characteristics). All 
agricultural fields had long histories of commercial corn and soybean production.  
DNA extraction and PCR analysis:  DNA from all soil samples was extracted using a phenol-chloroform method (Tsai & 
Olsen 1991 AEM 57:1074) with additional purification using Sepharose 6B. The nosZ gene sequences were amplified from 
25-50 ng soil DNA using specific primer pairs targeting conserved regions in the typical- and atypical nosZ genes. New 
atypical nosZ primers were designed to amplify ~1500 bp of the gene (NosZ661F Atyp1- 5’SGGCTAYGGCTWYGAYGA; 
NosZR Atyp1-5’RTGSARBGCSSWGCARAAG). Primers designed for targeting typical nosZ genes were NosZ661F 
Denit-5’GGSVWKACCAA; NosZR Denit2-5’DRTGCAKNGCRTGGCAGAA-3’. Primers targeting nrfA (nrfAF2aw/
nrfAR1, see section NrfA phylogeny and detection of nrfA in soils) amplifed a ~230 bp product. Primers used to target 
Anaeromyxobacter 16S rRNA genes were 60-86F/447-465R (Petrie et al. 2003 AEM 69:7467).  
Cloning and sequence analysis of nosZ and nrfA amplicons: The nosZ and nrfA gene PCR products amplified from Havana 
and Urbana soils were cloned and randomly selected for sequencing. Maximum likelihood phylogenetic analyses on the nosZ 
gene dataset was completed using the RAxML-VI-HPC BlackBox program v 7.2.6 on the CIPRES computer cluster (http://
www.phylo.org) and was based on a nucleotide alignment of 63 taxa and 1765 characters from each of the soil nosZ gene 
fragments analyzed and corresponding reference sequences from the database. The nrfA gene phylogeny included translated 
amino acids residues from the complete gene from        67 representative    taxa from the          FUNGENE      database       
(http://fungene.cme.msu.edu/) and was completed using MRBAYES. Soil clone sequences were assigned to specific clades 
based on sequence similarity to representative taxa. Sequences were assigned to specific clades on the basis of high PP and   
at least 30% mean, pairwise amino acid differences with a neighboring clade.  
Community fingerprinting:  Bacterial T-RFLP analysis was done using primers FAM-f27:1492R to target 16S rRNA genes 
and FAM-labeled nosZ primers as described above, digested with HaeIII, HhaI, &BstUI, respectively.  Fungal (F)-ARISA 
was analyzed using primers EF4f 5’GGAAGGGRTGTATTTATTAG and EF3r-FAM 5’TCCTCTAAATGACCAAGTTTG.  
Fragment data was analyzed using Genemapper v3.7 and statistical analysis was done using Primer v.6. 
Isolation of nitrite-reducing bacteria: Serial dilutions starting with 1g soil from Urbana or Havana were inoculated onto 
mineral medium agar (pH 7) with or without 2mM ammonium, 1mM acteate or succinate, and 1mM nitrite. Colonies were 
selected and purified following growth at 25°C under an anaerobic N2 atmosphere.  Isolates were further tested on 
corresponding nitrite broth medium and 16S rRNA genes were sequenced for strain identities. 
 

Denitrification is thought to account for the main biological process mediating the 
reduction of nitrate to N2O or N2 in soil. Dissimilatory nitrate reduction to ammonia 
(DNRA) provides an alternate pathway and is catalyzed by a nitrite reductase encoded 
by nrfA. Testing the significance of DNRA was hampered previously by use of 
ineffective PCR primers that targeted only 77% of true nrfA.   Conversely, genes 
facilitating denitrification are well-studied, particularly nosZ, the gene encoding nitrous 
oxide reductase. Recent whole-genome analysis of nosZ, however, revealed homologs 
distinct from those of known denitrifiers that are overlooked using existing molecular 
probes and include populations of non-denitrifiers. To improve our ability to detect a 
broader range of nosZ and address the significance of DNRA in soil, we designed PCR 
primers that effectively targeted new and diverse nosZ and nrfA genes. In two 
geomorphically distinct agricultural soils, we obtained clones that clustered into two 
main phyletic groups of nosZ: “typical” denitrifiers like Pseudomonas stutzeri and at 
least 27 novel “atypical” ones corresponding to diverse species like Opitutus terrae and 
the nitrite-ammonifier (ie. with DNRA) Anaeromyxobacter dehalogenans. Cloned nrfA 
sequences (n=95) amplified from both soils showed up to 30% divergence and were 
most similar to soil bacteria like Anaeromyxobacter spp. NO2- or NO3- fed enrichment 
cultures yielded evidence for atypical nosZ  associated with Dechlorimonas sp.  Sixteen 
soil isolates grown under nitrite selection included strains like Bacillus spp., Ensifer 
adhaerens, and Pseudogulbenkiania subflava with nrfA and/or atypical and typical nosZ 
detected. The results show a much higher diversity of nosZ and nrfA in soil than 
previously known. By adding new previously undescribed nosZ and nrfA sequences to 
existing databases and providing new strains that can serve as references, application of 
next generation sequencing technologies and metagenomics-based approaches can be 
expanded with improved functional gene annotations and identification of more diverse 
populations involved in N-cycling processes.  	
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Neighbor-joining phylogeny of 111 translated NosZ 	


sequences representing 109 genomes showed distribution of 
two bootstrapped-supported clades of nosZ among Bacteria 
and Archaea. These NosZ groups were designated “typical” 
and “atypical” (Sanford et al. 2012).	


	


Key distinguishing features of typical- and atypical NosZ	


Typical NosZ clade: 	


•  N-terminal Tat-motif signal peptide	


•  Associated with functionally characterized soil denitrifiers of 

the Proteobacteria.  	


	


Atypical NosZ clade:  	


•  N-terminal Sec-type signal peptide	


•  Lacking NosR and NosX	


•  Distributed among Bacteria and Archaea; characterized in 

Anaeromyxobacter dehalogenans, Wollinella succinogenes, 
and Geobacillus thermodenitrificans. 	



	


	


	



 Citrobacter koseri ATCC BAA 895 
 Escherichia coli HS  

 Providencia alcalifaciens DSM 30120 
 Yersinia enterocolitica subsp palearctica Y11 

 Vibrio fischeri ES114 2  

 Photobacterium profundum 3TCK 2 
 Shewanella oneidensis MR 1 

 Shewanella piezotolerans WP3 6 
 Shewanella loihica PV 4 2  
 Shewanella sediminis HAW EB3 2 

 Gallibacterium anatis UMN179 
 Haemophilus influenzae 3655 
 Pasteurella multocida subsp multocida str Pm70 

 Ferrimonas balearica DSM 9799 2 
 Shewanella loihica PV 4  

 Shewanella piezotolerans WP3 5 
 Shewanella sediminis HAW EB3 

 Desulfovibrio salexigens DSM 2638 
 Sulfurospirillum deleyianum DSM 6946  

 Wolinella succinogenes DSM 1740  
 Marivirga tractuosa DSM 4126 

 Gillisia limnaea DSM 15749 
 Riemerella anatipestifer DSM 15868 

 Bacteroides xylanisolvens XB1A 
 Porphyromonas gingivalis W83  

 Prevotella marshii DSM 16973 
 Campylobacter jejuni subsp jejuni 414  

 Helicobacter pullorum MIT 98 5489 
 Campylobacter hominis ATCC BAA 381 

 Caldilinea aerophila DSM 14535 
 Anaeromyxobacter dehalogenans 2CP 1 2  
 Anaeromyxobacter dehalogenans 2CP C 2  

 Planctomyces brasiliensis DSM 5305 
 Holophaga foetida DSM 6591 

 Opitutus terrae PB90 1 3 
 Meiothermus silvanus DSM 9946 

 Corynebacterium pseudotuberculosis CIP 52 97 

 Anaeromyxobacter dehalogenans 2CP 1  
 Anaeromyxobacter dehalogenans 2CP C  
 Myxococcus xanthus DK 1622 

 Planctomyces maris DSM 8797 2 
 Anaerolinea thermophila UNI 1 

 Desulfitobacterium hafniense DCB 2 2  
 Geobacter metallireducens GS 

 Geobacter bemidjiensis Bem 2 
 Geobacter sulfurreducens PCA 3  

 Desulfitobacterium hafniense DCB 2  
 Thermincola sp JR 

 Selenomonas sputigena ATCC 35185 
 Bacillus sp 1NLA3E 

 Bacillus selenitireducens MLS10 
 Bilophila wadsworthia 3 1 6 

 Desulfovibrio vulgaris subsp vulgaris str Hildenborough 2  
 Desulfovibrio desulfuricans subsp desulfuricans str ATCC 27774   

 Anaerococcus prevotii DSM 20548 
 Slackia heliotrinireducens DSM 20476 2  

 Thioalkalivibrio nitratireducens ONR (octaheme nitrite reductase) 
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•  nrfA sequences have high sequence 
divergence (mean, pairwise amino acid 
residue similarity=47.5%) based on an 
alignment of 1074 aa residues and have little 
correspondence with taxonomic delineations 
(E).  

•  Clades were delineated on the basis of high 
posterior probability and at least 30% mean, 
pairwise amino acid difference with a 
neighboring clade.  This provides a useful 
phylogenetic tool for characterization of new 
nrfA sequences (E). 

•  Multiple nrfA copies are present in some taxa, 
sometimes with greater divergence between 
copies harbored by one taxon (e.g. S. loihica, 
A. dehalogenens) than between 
phylogenetically distinct taxa. 

•  nrfA sequences in Clades I, J, and K all have 
CXXCH motifs in the first heme binding 
domain and form a monophyletic group 
comprising different phyla within these clades 
(i.e. Proteobacteria, Verucomicrobia, 
Acidobacteria, Planctomycetes, Firmicutes, 
and Chloroflexi).  All other NrfA clades 
correspondingly have CXXCK motifs. 

•  Most of the designated nrfA gene clades 
include taxa that are physiologically 
demonstrated to reduce nitrite to ammonia. 

•  New primer set nrfAF2aw/nrfAR1 (F) 
amplified  a broader range of nrfA than the 
previously used primer set (Mohan, 2004), the 
latter missing nrfA clades J, K, L & P, which 
contain genera relevant to soil environments. 

•   nrfA sequences amplified from soil, cloned, 
and sequenced were dominated by clade K-
like sequences (G). Clades with soil clones 
shown in red in the tree. 

•  New nitrite-reducing isolates were 
dominated by nrfA in clades A and P from  
Havana and Urbana soils, repectively. Shown 
in green in the tree. 

Clade 

Summary:	



NrfA phylogeny 
and detection of 

nrfA in soils	



NrfA amino acid residue similarity for Urbana and Havana sites nrfA gene !"
clones retrieved from soil and cultured isolates. Clade assignments were based #"
on phylogenetic analyses of 188 amino acid residues from the soil clones (n=94) $"
and isolates (n=16) using the phylogeny of the complete NrfA proteins, 1086 %"
amino acid residues, as a constraint tree to guide assignment of these short &"
fragments to the correct clade. '"

 

Cladea 

 !"#$%&'()'
*+(,%-./-(+01%-"

Mean group  
similarityb 

2%3&%-%,101/4%''
-(/+'*+(,%.-1&0/, 

Urbana     
G  1 -- UCC1  
L  3 88.6% UCE2  
J  9 77.9% UCC2  
K  27 74.5% UCA1  
M  8 89% UCA11  

Havana     

J  6 77.9% HCA6  

K  40 74.5% HCB2  

Urbana Isolates  "   

P  10 99.5% UAAc-1  
Havana Isolates     

A  6 99.5% HAc-4  
a As delineated in NrfA tree (A). ("
b Mean, pairwise similarity for NrfA amino acid residues in the isolate or clone group )"
within a clade. *"

F.  Primer design to target nrfA	
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Urbana:  2011-2012 (Soybean)	


clay: 10%	


silt: 69%	


sand: 21%	


Slightly sloped	


Poorly drained, freq. ponding	


Rain fed only	


	


	


Havana: 2011-2012 (Corn)	


clay: 7%	


sand: 93%	


Highly drained, no ponding	


Irrigated	



3 fixed centroids (X=~100 ft apart)	


3 replicate 2.5 x 30 cm-soil cores sampled from fixed    
centroid plus two random points (X) 1-m from centroid	


Each core sub-divided by depth: 0-5cm, 5-20cm, 20-30cm	
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Urbana & Havana Field Sites – Experimental Design	



	


	


	


	


	



Parameter	



	


	


	


Urbana 
(centroids 
N,M,S)*	



	


	


	


	


Havana 
(centroids 
W,M,E)*	



OM, TKN (%)	


Moisture (%)	


pH	


	


N2O	


Soil temp.	


b-TRFLP	


f-ARISA	


atnosZ-TFLP	


tnosZ-TRFLP	


	



3.5, 0.15	


19.7 	


5.8	


	


	


vary by depth	


	


	


	



0.5, 0.03	


8.1	


7.7	


	


	


vary by 
depth	


	


	



OM, TKN (%)	


Moisture (%)	


pH	


	


N2O	


Soil temp.	


b-TRFLP	


f-ARISA	


atnosZ-TFLP	


tnosZ-TRFLP	



3.5, 0.15	


19.6	


6.0	


	


	


vary by depth	


	


	



0.5, 0.03	


6.7	


7.5	


	


	


vary by 
depth	


	


	


	



OM, TKN (%) 
Moisture (%)	


pH	


	


N2O	


Soil temp.	


b-TRFLP	


f-ARISA	


atnosZ-TFLP	


tnosZ-TRFLP	



3.5, 0.15	


19.8	


6.2	


	


	


vary by depth	


	


	



0.5, 0.03	


7.4	


7.7	


	


	


vary by 
depth	
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U= Urbana	
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Spatiotemporal dynamics of soil microbial communities  based on 16S rDNA-, typ-nosZ-, atyp-nosZ T-RFLP, and fungal ARISA profiling	



C.  NMDS  ordination  plots  of  the  similarities  between 
bacterial-  and  fungal  communities  in  soils  taken  from the 
Urbana- and Havana field plots in Nov 2011, Apr 2012, & 
Jun 2012.  Each symbol represents a community profile of 
the  corresponding  gene  factored  as  a  combination  of  time 
and soil depth.  	



D. Analysis of similarity (ANOSIM) test for differences between time- and space groups. 
Significance thresholds defined here as Rvalues >0.400 (High, yellow) and Rvalues =0.300-0.399 
(Moderate, green). Rvalues <0.300 in pair-wise comparisons not shown.	



*values are single measurements in Nov. 2011	


 shown for representative comparisons between field sites.	



Detection of Anaeromyxobacter in soil; 	


a model population harboring nrfA 	



and atypical nosZ genes	



•  Anaeromyxobacter were detected in 
97% of soils tested; strains are known 
to physiologically reduce N2O to N2 
and nitrate to ammonium (dissimilatory 
nitrate reduction to ammonia via nitrite, 
DNRA). 	



	


•  Detection occurred over a wide range 

of soil textures and drainage 
characteristics, suggesting this 
population and others like it may be 
widespread in soils.	



	


•  Detection provides the basis for further 

testing the significance of atypical nosZ 
and DNRA in soils.	



	


	


	


	



Phylogenetic analysis of NosZ 	


and detection of atypical nosZ in soils	



	


	


	


	



A. Phylogeny of NosZ detected in soils and enrichment cultures	



     Summary:	


•  Alignment of nosZ in 18 bacterial 

strains demonstrated high number of 
mismatches with previous commonly-
used primer sets, indicating the 
likelihood of missed detection of the 
atypical nosZ group in past studies (B). 	



	


•  Refinements to existing primers 

subsequently allowed detection of 
diverse atypical nosZ in soil and 
isolates. NosZ661F Adeh/NosZRAdeh 

     effectively amplified atypical (atyp) 
    nosZ, NosZ661F Denit/NosZR Denit2 	


    amplified a wide range of typical (typ)	


    nosZ.	


	



B. Alignment of previously developed primers with typical and atypical nosZ 	



 	



E.  NrfA phylogeny and	


clade identification	



G. Diverse nrfA from soils and new nitrite-reducing bacterial isolates	



•  Havana:  Bacterial- and fungal communities were significantly different 
across soil depths over time; fungi were significantly different at the 
meter-scale (field) over time. Atyp nosZ and Typ nosZ were significantly 
different across depths over time.	



•  Urbana:  Bacterial communities were significantly different across depths 
over time; some significant differences at the meter-scale, especially 
between N- and M/S centroids. Fungal communities were significantly 
different across depths regardless of time; some significant differences 
across the meter-scale across time.  Atyp nosZ were significantly 
different across depths regardless 	

of time; significant differences across 
meter-scale over time. Typ nosZ were significantly different across 
depths, especially between surface 5cm and deepest samples over time; 
significant differences across meter-scale over time. 	



Anaeromyxobacter dehalogenans strain DCP18 (JN882602)** 
A. dehalogenans.strain R (EU749047) 
A. dehalogenans strain K (CP001131) 
A. dehalogenans strain 2CP-1 (CP001359) 
A. dehalogenans strain 2CP-C (CP000251) 
HEc-A025 (JN882617) 

Anaeromyxobacter sp.strain Fw109-5 (CP000769) 
HSd-A015 (JN882618) 

USc-A005 (JN882624) 
HSd-A013 (JN882623) 

USc-A004 (JN882622) 
HSd-A031(JN882629) 
USc-A003 (JN882619) 
HSd-A032 (JN882621) 

HSc-A012 (JN882620) 
USc-A001(JN882626) 
USc-A002 (JN882627) 

HSd-A014 (JN882628) 
Bacillus sp.strain ET (JQ13865)*   
HSe-A016 (JN882625) 

HSc-A021(JN882616) 
HSc-A011 (JN882615) 

Opitutus terrae (CP001032) 
Salinibacter ruber (CP000159) 

HSd-A023 (JN882611) 
HSe-A037 (JN882612) 
HSe-A038 (JN882613) 
HSc-A042 (JN882614) 

Desulfitobacterium hafniense (CP001336) 
Gemmatimonas aurantiaca (AP009153) 

Dyadobacter fermentans (CP001619) 
HEc-A041(JN882608) 

Dechloromonas aromatica (CP000089) 
HEc-A027 (JN882607) 

HEc-A028 (JN882604) 
HEc-A026 (JN882603) 
HEc-A030 (JN882605) 
HEc-A029 (JN882606) 
HEc-A040 (JN882609) 
HEc-A034 (JN882610) 

Candidatus Accumulibacter phosphatis (CP001715) 
Wolinella succinogenes (BX571659) 

Leptothrix cholodnii (CP001013) 
Azoarcus sp. strain BH72 (AM406670) 
Thauera sp. strain MZ1T (CP001281) 
HSa-A019 (JN882641) 

HEb-A036 (JN882640) 
Bradyrhizobium japonicum (BA000040) 
USa-A010 (JN882634) 

Rhodopseudomonas palustris (CP000301) 
HSa-A022 (JN882630) 
HSa-A017 (JN882631) 
HSa-A024 (JN882632) 

HSa-A018 (JN882633) 
HEb-A033 (JN882636) 

Sinorhizobium meliloti (AE006469) 
USa-A007 (JN882635) 

USa-A006 (JN882637) 
USa-A009 (JN882638) 
USa-A008 (JN882639) 

Pseudomonas brassicacearum (CP002585) 
Pseudomonas stutzeri strain DPC-Ps1 (JQ13866)** 

Pseudomonas stutzeri (CP000304) 
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Phylogenetic analysis of NosZ sequences inferred from cloned 
nosZ sequences from soil and nitrite- or nitrate fed 
enrichment cultures	


    Summary: 	


•  Using new primers to target atypical nosZ, diverse sequences were 

found in Urbana and Havana soils along with typical nosZ genes 
found in many well-characterized denitrifiers (A).	



•  NosZ similar to sequences in both atypical- and 	


     typical clades identified.	


•  Anaeromyxobacter-like NosZ present at	


      both Urbana and Havana field sites.	


•  Atypical NosZ similar to Dechlorimonas sp. 	


     was enriched under nitrite- or nitrate selection.	


•  Both DNRA and denitrifier populations	


     harboring NosZ were detected.	


•  A. dehalogenans strain DCP-18 and 	


     Bacillus sp. strain ET were isolated from 	


     Havana and Urbana soil, respectively, both	


     harboring atypical nosZ related to known 	


    Anaeromyxobacter strains.	


•  Isolates obtained under nitrite reducing conditions	


     revealed new N-cycle diversity with both types of	


     nosZ  and/or nrfA (See next section). For example:	


     Bacillus, Ensifer and Pseudogulbenkiania.	



Primer Development.	
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1.  New PCR primers were designed and validated for atypical nosZ gene containing organisms. A wide diversity of 
atypical nosZ gene sequences were retrieved from soil indicating a potential role in N2O reduction.	



2.  Atypical nosZ clones are affiliated with both denitrifiers and DNRA bacteria.	


3.  The whole soil community of bacterial and fungal populations show distinct seasonal and depth community 

profile patterns, which also vary with soil type. Community profiles of typical and atypical nitrous oxide reducers 
also show distinct population shifts. 	



4.  New nrfA PCR primers designed in this study target a wider diversity of nrfA genes than those previously 
developed that had focused on the first heme-binding domain. 	



•  New primer set used here amplifies ~233 bp of the nrfA gene and should be amenable to quantitative PCR 
and pyrosequencing techniques.	



5.  nrfA genes were retrieved from two different agricultural soils. These sequences were most similar to other 
soil bacteria like Anaeromyxobacter sp. (clade K), not previously described to contribute to DNRA in soils. 	



6.  New primer set nrfAF2aw/nrfAR1 will allow us to better assess the significance of DNRA in soil N cycling.	
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